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Samenvatting 
SAMENVATTING 
 
Veel schadegevallen in de bouwsector zijn gerelateerd aan vocht, en daarbij staat 
regendoorslag met stip op de eerste plaats. Er bestaan drie concepten om 
constructies waterdicht te maken: ofwel voorziet men een perfect waterdichte laag 
(ééntrapsdichting), een gedraineerd systeem (tweetrapsdichting), of een constructie 
die alle neerslag kan bufferen. Hoe goed die verschillende concepten presteren is 
afhankelijk van het gedrag bij specifieke combinaties van winddrukken en 
slagregenintensiteiten die kunnen voorkomen op een gebouw. Momenteel is er 
echter weinig kennis rond het typisch gedrag van die concepten wanneer ze 
onderworpen worden aan specifieke weersomstandigheden. Er bestaat nauwelijks 
wetenschappelijke literatuur over het onderwerp, en er zijn maar een beperkt aantal 
normen om de waterdichtheid van de gebouwschil te testen. Bovendien is het zeer 
onduidelijk waarop de huidige testnormen gebaseerd zijn, en of ze wel geschikt 
zijn om de werkelijke prestaties van gebouwdelen in te schatten.  
 
Er bestaan vandaag al een aantal methodes om te berekenen bij welke 
drukverschillen en waterdebieten men schildelen moet testen om hun prestaties in 
te schatten. Deze houden echter geen of nauwelijks rekening met de 
weersomstandigheden die in werkelijkheid voorkomen: wanneer het regent zijn er 
zelden sterke windvlagen, en wanneer het hard waait is er meestal weinig regenval. 
Eerst en vooral werden verschillende aspecten van die bestaande methodes 
verbeterd: de huidige norm op het gebied van winddrukken werd uitgebreid met 
een turbulentiemodel, er werd een elegante oplossing gevonden om op een 
eenvoudige manier regenvalintensiteiten te berekenen voor verschillende 
duurtijden en terugkeerperiodes, en de slagregenintensiteit op gebouwen kan 
berekend worden met een aangepast semi-empirisch model. Daarnaast werd ook 
aangetoond dat het gebruik van extreme waarden op basis van statistische analyse 
van regen en wind zeer gevoelig is voor de gebruikte methode, en de optredende 
weersystemen en het voorkomen van convectieve stormen zoals windhozen en 
valwinden. Daarom werd een nieuwe methodiek ontwikkeld om realistische 
winddrukken en slagregenintensiteiten te berekenen aan de hand van Paretofronten 
op gemeten weer-data. De nieuwe methode laat toe om opeenvolgende 
Paretofronten te definiëren, en aan de hand van een gegeneraliseerde Pareto 
distributie een waarschijnlijkheid en terugkeerperiode toe te kennen aan ieder 
combinatie van regen en wind. Deze methodiek werd vertaald naar een generiek 
testprotocol, met een duidelijke link naar prestatieniveaus in functie van 
gebouwhoogte en blootstellingsgraad. Het ontwikkelde testprotocol bestaat uit 
zowel statische als dynamische winddrukken, en geeft een realistisch beeld van de 
winddrukken en slagregen die kunnen voorkomen op gebouwen. Het effect van 
statische en dynamische drukverschillen op gebouwcomponenten tijdens een 
XXII     
waterdichtheidstest werd onderzocht vanuit een theoretisch en een praktisch 
standpunt. Enerzijds is onderzoek gedaan naar de algemeen geldende principes, de 
drijvende krachten, drukegalisatie, en het gedrag onder verschillende 
omstandigheden. Anderzijds is het belang van een juiste testmethode ook 
onderzocht aan de hand van verschillende voorbeelden: leidt de toepassing van 
andere testmethodes ook tot andere resultaten en conclusies?  
 
De meeste gebouwcomponenten zoals wanden, ramen en daken, functioneren als 
gedraineerde systemen. Hierbij is er aan de buitenzijde een regenscherm dat de 
slagregen tegen houdt, een gedraineerde spouw, en een luchtdichting aan de 
binnenzijde. Als de binnenzijde veel luchtdichter is dan de buitenzijde, zal de 
druk in de spouw bijna gelijk zijn aan de druk aan de buitenzijde, wat het 
drukverschil over het regenscherm vermindert. Aangezien dat drukverschil 
vermoedelijk de belangrijkste kracht is die water door het regenscherm stuwt, 
wordt drukegalisatie vaak als een absolute voorwaarde beschouwd voor goed 
functionerende en waterdichte opbouwen. Dit concept van drukegalisatie is 
uitvoerig onderzocht in wetenschappelijke literatuur, maar of het ook effectief 
werkt is onduidelijk: er kon geen enkele publicatie over drukegalisatie tijdens 
regenbuien gevonden worden. Daarom werd een generieke testopstelling 
gebouwd, en aan de hand van testresultaten en simulaties werd het fenomeen van 
drukegalisatie onderzocht. Er werd een semi-expliciet numeriek simulatiemodel 
ontwikkeld op basis van de ideale gas-wet en behoud van massa om de druk in 
een spouw te voorspellen. Dit model werd gevalideerd voor droge 
omstandigheden, bij statische en dynamische drukverloop. Monte-Carlo analyse 
geeft aan dat de resultaten van dergelijk model zeer gevoelig zijn voor de 
nauwkeurigheid van de invoerdata, en vergelijking met gemeten data geeft aan 
dat de drukegalisatie tijdens regenbuien een stuk lager kan liggen dan bij droge 
omstandigheden. Het belang van drukegalisatie werd geëvalueerd voor 6 case-
studies, maar daaruit blijkt dat veel gebouwcomponenten zoals ramen, 
gordijngevels en muren niet voldoen aan de eisen wat betreft drukegalisatie. 
Niettemin hebben deze systemen reeds in praktijk bewezen dat ze goed 
functioneren. Bijgevolg stelt zich de vraag hoe belangrijk drukegalisatie nu 
eigenlijk is om een goede waterdichtheid te verkrijgen. Om hierin inzicht te 
verwerven werd onderzoek gedaan naar het evenwicht van krachten die invloed 
hebben op waterinfiltratie, en werd de fenomenologie van waterinfiltratie 
beschreven voor statische en dynamische omstandigheden. Anderzijds is het 
belang van drukegalisatie ook onderzocht aan de hand van verschillende 
bouwdelen.   
 
Het effect van slagregenintensiteit en winddruk op het risico op waterinfiltratie 
werd onderzocht in labo-omstandigheden, en de fenomenen die aan de grondslag 
liggen van regendoorslag werden in detail geanalyseerd. Kleine openingen in het 
regenscherm zullen zich door capillariteit vullen met water, en een meniscus 
vormen aan de binnenzijde. Die meniscus veroorzaakt een bijkomende weerstand 
die er voor zorgt dat een zeker luchtdrukverschil nodig is om regendoorslag te 
veroorzaken. Het regenwater dat aan de buitenzijde van het regenscherm naar 
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beneden loopt veroorzaakt een Venturi-effect ter plaatse van de opening in het 
regenscherm, waardoor er nog een groter drukverschil nodig is om water door de 
opening te stuwen. Anderzijds, eens de meniscus verbroken wordt en water 
infiltreert, zorgt het aflopend regenwater voor een bijkomende drijvende kracht die 
water naar binnen stuwt. De regendoorslag door openingen kan beschreven worden 
door een machtsfunctie onder statische omstandigheden, in functie van 
drukverschil en intensiteit van aflopend regenwater. Onder dynamische 
omstandigheden zal water al infiltreren bij kleinere drukken. De verschillende 
fenomenen die dat gedrag veroorzaken werden besproken en grafisch 
gevisualiseerd. Vervolgens werd de theorie aan de praktijk getoetst, en werden 
ramen, raamaansluitingen, voegbanden, drainagemembranen en na-geïsoleerde 
spouwmuren onderworpen aan waterdichtheidsproeven. Parallel werd ook de 
impact onderzocht van de testmethode op de waterdichtheid.  
 
Raamprofielen werken ook volgens het principe van drukegalisatie, met vaak een 
dichting aan de buitenzijde die dienst doet als regenscherm, en een dichting aan 
de binnenzijde die voor de luchtdichtheid zorgt. De drukegalisatie werd 
onderzocht met behulp van hoogfrequente druksensoren, voor droge condities en 
tijdens beregening, tijdens statische en dynamische winddrukken. De resultaten 
werden ook vergeleken met numerieke simulatie op de druk in de spouw van de 
profielen. Uit de proeven blijkt dat zelfs bij perfecte drukegalisatie er behoorlijk 
wat regenwater infiltreert. Daarnaast zorgt de aanwezigheid van water voor een 
reductie van de frictie van dichtingen, waardoor er bij lagere drukken al een 
verhoogde luchtlekkage gemeten wordt. Bij dynamische omstandigheden wordt 
de drukegalisatie en het algemeen gedrag van het raamprofiel bepaald door de 
verhouding van de hysteresis van de dichtingsprofielen in het spannings-rek 
diagram tot de vervorming van de profielen onder invloed van de opgelegde 
drukverschillen. Bij dynamische omstandigheden kan een raam falen bij lagere 
of bij hogere drukken in vergelijking met statische omstandigheden, afhankelijk 
van de dominante krachten in het faalgedrag. Daarnaast is ook onderzoek gedaan 
naar het belang van een correcte afregeling van het beslag, en de keuze van de 
dichting. Momenteel is er weinig zicht op de typische prestaties van ramen op 
het gebied van lucht- en waterdichtheid, en de impact van ramen op de 
luchtdichtheid van gebouwen. Tussen 1997 en 2012 zijn 437 ramen getest bij 
Universiteit Gent en het WTCB in het kader van certificatie, deze resultaten 
werden gebruikt om zicht te krijgen op de prestaties. PVC-ramen scoren iets 
minder dan houten en aluminium ramen, zowel voor lucht- als waterdichtheid. 
Draai-kip ramen presteren het best, gevolgd door dubbele ramen, samengestelde 
ramen en schuiframen. Op basis van 200 referentiewoningen en vooropgestelde 
prestatieniveaus voor de luchtdichtheid van gebouwen, werden nieuwe 
luchtdichtheidsklassen ontwikkeld, want de bestaande normen laten onvoldoende 
verfijning toe. Uit de resultaten blijkt dat de impact van ramen op de algemene 
luchtdichtheid van gebouwen kan beperkt worden tot 5%, zelfs voor zeer 
luchtdichte gebouwen zoals passiefhuizen. Verder blijkt ook dat de 
luchtdichtheid, waterdichtheid en weerstand tegen wind onderling duidelijk 
gecorreleerd zijn. Draai-kip ramen kunnen in nagenoeg alle omstandigheden 
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goed presteren, schuiframen blijken niet erg waterdicht en hebben een beperkt 
toepassingsgebied waar ze voldoende presteren. Verschillende nationale en 
internationale richtlijnen die prestatieniveaus voor ramen voorschrijven op het 
gebied van waterdichtheid werden onderzocht. Hieruit blijkt een totaal gebrek 
aan uniformiteit. Ramen die aan exact dezelfde omstandigheden blootgesteld 
worden moeten aan totaal verschillende eisen voldoen, afhankelijk van het land 
waarin men bouwt.  
 
Er werden drie aspecten van raamaansluitingen onderzocht op waterdichtheid: 
zwelbanden, drainagemembranen en de traditionele raamaansluiting in een 
spouwmuur. Alle zwelbanden die getest werden, waren waterdicht tot 600Pa bij 
70% compressie, bij een compressie tussen 20% en 50% kan er bij 400Pa 
infiltratie optreden, maar sommige producten blijven waterdicht tot 700Pa. De 
drainagemembranen worden vaak toegepast in situaties waar er een verhoogde 
blootstelling is, of een hoger risico op problemen. Vaak wordt een raam dan over 
de volledige omtrek met EPDM-membranen afgedicht tegen het 
binnenspouwblad. Vaak veronderstelt men dat deze installatiemethode perfect 
waterdicht is, maar is dat een betrouwbare aanname? Er werden 12 opstellingen 
gebouwd en getest, en daarbij werd in 10 gevallen infiltratie vastgesteld bij 50Pa, 
in 2 gevallen bij 100Pa. Bij één opstelling werden de naden dan bijkomend 
ingesmeerd met pasta, maar dan nog kwam er bij 200Pa water binnen. De 
aansluiting ter plaatse van de hoeken is niet eenvoudig, en het gebruik van 
contactlijm zorgt er voor dat er weinig tolerantie voor fouten is. Dergelijke 
systemen mag men dus niet als perfect waterdicht beschouwen. De 
waterdichtheid van een traditionele raaminstallatie in een spouwmuur werd ook 
getest. Deze werd met succes getest tot 750Pa, en ook het toepassen van het 
Pareto test protocol zorgde niet voor infiltraties. De luchtdichtheid van de 
raamaansluiting moet wel voldoende zijn: de lekkage moet kleiner zijn dan 
3.3m³/h.m bij 50Pa. Bij grotere luchtlekkage stijgt de snelheid van de lucht, en 
kan die kleine waterdruppels meevoeren naar de afwerking aan de binnenzijde. 
De dorpel aan de buitenzijde werd op verschillende manier geïnstalleerd, maar 
dit had geen merkbaar effect op de waterdichtheid. Ook de zwelband aan de 
buitenzijde bleek geen invloed te hebben: zonder zwelband werden dezelfde 
prestaties behaald. Wat wel erg belangrijk is, is het opspuiten van de voeg rond 
het raam met polyurethaan. Als het schuim in de spouw contact maakt met het 
buitenspouwblad, treedt er zeer snel waterinfiltratie op, zelfs zonder 
drukverschil. Water dat afloopt aan de binnenzijde van het buitenspouwblad kan 
via het schuim, onder invloed van zwaartekracht en oppervlaktespanning, naar 
de binnenzijde geleid worden. 
Uit een literatuurstudie blijkt dat er nauwelijks informatie bestaat over de gemeten 
luchtdichtheid van raamaansluitingen in massiefbouw. Daarom werden de 
prestaties van 13 verschillende installatiemethodes getest. Er werd een brede 
waaier aan resultaten bekomen, van 0m³/h.m tot 31m³/h.m bij 50Pa. Er zijn 
verschillende installatiemethodes die tot goede resultaten leiden, zoals het gebruik 
van polyurethaan met bijkomende dichting met kit, luchtdichte folies, polyurethaan 
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in opstellingen met multiplex omkasting, en pleister met stopprofiel en kitvoeg. 
Daar tegenover staat dat minerale wol, gedeeltelijke opvulling met polyurethaan en 
pleister zonder kitvoeg vermeden moeten worden. Daarnaast werd ook een 
grondige foutenanalyse uitgewerkt op basis van foutenpropagatie bij partieel 
gecorreleerde parameters, die rekening houdt met meetfouten, conversie naar 
normomstandigheden, en lekkage via de testkast.  
Spouwmuren worden met succes toegepast in heel wat klimaten: de twee 
eigenschappen die zorgen voor een goede waterdichtheid zijn het bufferend 
vermogen van het buitenspouwblad (waardoor er nauwelijks aflopend regenwater 
is), en de drainage via de spouw (zorgt ook voor een capillaire onderbreking in de 
wand). In de huidige context van stijgende energieprijzen en toegenomen aandacht 
voor energiezuinig bouwen en renoveren, neemt de vraag naar na-isolatie van 
spouwmuren toe. Het opvullen van de spouw zorgt er echter voor dat er geen 
drainage meer mogelijk is, wat mogelijk risico’s met zich mee brengt op het gebied 
van waterdichtheid. Er werden vier muren gebouwd en na-geïsoleerd met EPS-
parels en PUR, en de waterdichtheid werd geëvalueerd aan de hand van schillende 
test sequenties. De muren met PUR vertoonden tijdens geen enkele test lekkage. 
Bij de muren met EPS-parels was regendoorslag zichtbaar bij lage drukken in 
statische testomstandigheden, hoewel er geen of nauwelijks infiltratie was tijdens 
het Pareto test protocol. Wanneer er infiltratie optrad, kon dit meestal gelinkt 
worden aan de aanwezigheid van specifieke gebreken in de spouw zoals 
mortelbaarden of verticale barsten in het metselwerk. 
Verschillende soorten schildelen werden onderworpen aan een reeks 
waterdichtheidstesten: statisch en dynamisch. Voor de zwelbanden zorgt de Pareto 
procedure voor infiltraties bij lagere drukken in vergelijking met statisch 
omstandigheden. Ramen vertonen een compleet verschillend gedrag en bijhorende 
waterdichtheid bij statische en dynamische omstandigheden. De raamaansluiting in 
een spouwmuur bleek ook sneller water door te laten bij dynamische 
omstandigheden dan bij een statisch drukverschil. Anderzijds blijkt dat de na-
geïsoleerde spouwmuren alleen schade vertonen bij testen volgens de bestaande 
testmethode, en niet bij de ontwikkelde Pareto test procedure. Mogelijks zijn de 
bestaande proefmethodes te streng en niet realistisch. Een reeks materialen en 
componenten werden dus getest volgens verschillende procedures, en daaruit bleek 
dat er totaal verschillende resultaten bekomen werden. Aangezien de Pareto 
procedure ontwikkeld werd op basis van gemeten weer-data en een realistisch 
beeld geeft van de mogelijke winddrukken en slagregenbelasting die men kan 
verwachten op een gebouw, geeft deze een veel betere en meer betrouwbare 
inschatting van de prestaties van gebouwcomponenten op het gebied van 
waterdichtheid.   
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Summary 
SUMMARY 
Moisture is the main cause of many building deterioration problems, and rain is the 
prevalent source of moisture to building envelopes. Different strategies can be 
adopted to reduce the risk for water ingress in building envelope systems, such as a 
perfect barrier, pressure moderation and drainage, and mass buffering. The 
performance of a specific component and inherent strategy is determined by the 
ability to cope with specific combinations of Wind driven rain intensity and wind 
pressure generated by the local climate conditions it is subjected to throughout its 
service life. However, the general principles and performance of these strategies 
under specific boundary conditions is currently not well understood, and scientific 
literature on watertightness is scarce. Furthermore, there is a need for a scientific 
basis to define test conditions to evaluate and assess the performance of building 
components in respect to watertightness. 
 
Existing methodologies to establish test conditions only partially consider co-
occurrence of rain and wind, which yields large uncertainties when determining 
return periods for extreme wind-driven rain events. First of all, several aspects of 
the existing methodologies were improved. The operative standard in the field of 
structural engineering is extended with a gust model to calculate wind loads for 
varying configurations, a new approach to accommodate conflicting models in 
respect to rain-duration-frequency analysis is presented, and an adapted semi-
empirical model is presented to calculate extreme Wind driven rain intensities on 
building façades. Furthermore, it was shown that extreme value analysis is very 
sensitive to the presence of synoptic weather systems and convective storms. 
Consequently, a new approach was developed based on a Pareto fronts method 
for which Wind driven rain intensities and wind pressures are derived. Straight 
lines can be fitted to consecutive fronts, and a generalised Pareto distribution 
describes the corresponding probabilities of occurrence of wind-driven rain 
events. Subsequently it is shown that the conversion of case-based test 
conditions to generic test protocols and performance levels requires careful 
consideration, and practical guidelines on defining realistic watertightness 
performance levels for building envelop components are discussed. The Pareto 
test protocol comprises static and cyclic pressure conditions, for various realistic 
combinations of Wind driven rain and driving rain wind pressure. The effect of 
static and dynamic boundary conditions on water ingress is evaluated from a 
theoretical and practical point of view. First of all, the principles of water 
ingress, the driving forces, and behaviour under various pressure conditions, is 
analysed. Subsequently, one needs to check whether this test protocol leads to 
different conclusions when testing building components on watertightness. 
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The majority of the building components can be classified as rain screen systems, 
that allow pressure moderation and drainage. These systems have an exterior rain 
screen that is supposed to divert most of the impinging rain water, a drained cavity 
that provides a capillary break and an interior airtight layer. When the inner layer is 
much more airtight than the outer layer, the cavity will pressure equalize with the 
exterior, reducing the wind pressure over the outer screen. The principle of 
pressure equalization has been described extensively in literature, but whether or 
not it actually works in practice is unclear; not a single publication was found on 
pressure equalization during rain. To evaluate pressure equalization during rain 
events, a generic experimental setup was built and results were compared with 
simulations. A semi-implicit numerical model based on mass balance and ideal 
gas law was developed and validated against the results for dry conditions. 
Monte-Carlo sensitivity analysis on simulated pressure equalization highlights 
the importance of accurate leakage characterization for validation, and 
simulations for dry conditions may overestimate pressure equalization during 
rain events significantly. Furthermore, the impact and importance of pressure 
equalization for façade design was evaluated based on 6 case-studies. These 
indicate that the current construction practice and guidelines render inadequate to 
obtain good pressure equalization. Nevertheless, a lot of building components 
have proven their performance in practice, despite poor performance in respect 
to pressure equalization. Consequently, the question rises to what extent pressure 
equalization is really important to obtain good watertightness performance. This 
question is addressed by means of two separate approaches: first of all, the 
phenomenology of water ingress through deficiencies is investigated in static and 
dynamic boundary conditions. Subsequently, the actual performance of several 
types of building components is analyzed in detail.  
 
An experimental setup was designed to test the effect of water deposition rate 
and pressure difference on the ingress of water through deficiencies. The 
phenomenology of the processes that govern the infiltration of water, and the 
balance of forces that act on the water at the deficiency is discussed. The surface 
tension of the meniscus on the interior side of the deficiency defines a threshold 
pressure difference before infiltration will occur. The Venturi effect of the runoff 
film increases that pressure threshold, but conversely, once infiltration has 
occurred the runoff film increases the rate of infiltration through the deficiency. 
For static boundary conditions the infiltration rates for each spray rate can be 
described by a power law function. Under dynamic boundary conditions the 
infiltration rates are much higher, and no pressure threshold was evident. The 
phenomenology of these effects is discussed and visualized schematically. 
Subsequently, theory is put into practice for a number of case-studies: window 
frames, window-wall interfaces, sealant tapes, flashing membranes and retrofitted 
brick cavity walls. Simultaneously, the impact of different test protocols on 
watertightness performance assessment is evaluated.   
 
High performance window frames are designed as rain screen system to achieve 
a good watertightness. Using high frequency measuring equipment the behaviour 
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of typical window frames is examined in both dry as well as rainy conditions 
during static and dynamic pressure differences, and results are compared with 
numerical simulations on pressure equalization. Test results indicate that 
significant infiltration rates can occur despite perfect pressure equalization. 
Furthermore, the presence of water may reduce the friction of the gasket, which 
causes higher air flow rates compared to dry conditions. In dynamic conditions 
the overall performance is dominated by the hysteresis in the stress-strain 
relationship of the gasket in relation to the imposed pressures and corresponding 
deformation of the sash. Under dynamic pressure fluctuations the windows may 
fail at lower or higher pressures compared to static conditions. The impact of the 
gasket type and fine-tuning of hardware is also evaluated. To date little 
information is available on the typical airtightness and watertightness of window 
frames, and the aptitude of current regulatory performance levels for windows in 
respect to very airtight buildings is highly uncertain. Between 1997 and 2012, 
437 windows were tested in laboratory conditions for certification; the most 
important results in respect to airtightness and watertightness are reported. For 
both parameters, vinyl frames yield slightly lower performance than aluminum 
or wooden windows. Single windows perform best, followed by double, 
composed and sliding windows. Window airtightness performance levels were 
calculated based on various building geometries and airtightness targets. 
Reducing the impact of windows on the overall building airtightness to 5% is 
realistic and feasible, even for very airtight buildings. The test results clearly 
demonstrate that airtightness, watertightness and resistance to wind loads are 
partially correlated. A comparison of guidelines and standards on watertightness 
of windows shows large discrepancies and little uniformity. Most turn-and-tilt 
windows show good watertightness and can be applied to very exposed 
conditions, whereas sliding windows have a limited scope. 
 
Three case-studies related to the watertightness of window-wall interfaces were 
evaluated: sealant tapes, a traditional window-wall interface configuration in a 
cavity brick wall, and flashing membranes. All sealant tapes are watertight up to 
600Pa when the compression is 70%. For a compression between 50% and 20%, 
failure can start at 400Pa, but some products are still watertight up to 700Pa. 
Flashing membranes are often used in situations where the interface is subjected to 
severe weathering conditions, because it is assumed to be a perfect barrier system. 
Laboratory tests showed that 10 out of 12 samples failed at 50Pa, 2 at 100Pa 
pressure difference. The application of sealant on one sample resulted in a slightly 
better performance: water ingress was recorded at 200Pa. Flashing membranes 
should not be used as perfect barrier systems. The traditional window installation 
in a brick cavity wall showed good performance. No infiltration was recorded up to 
750Pa static pressure difference, and no water ingress was recorded during the 
Pareto test sequence. Consider that the interface should have an air flow rate below 
3.3m³/h.m at 50Pa, otherwise water droplets are carried along with the air currents. 
Furthermore, the sill installation and the integrity (or presence) of a sealant tape did 
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not have an effect on the watertightness. Contrarily, the presence of SPF in the 
cavity causes water ingress under conditions without pressure difference, as the 
SPF provides a pathway from the drainage plane of the wall to the interior side of 
the wall. A literature review on the airtightness of window-wall interfaces has 
shown that no experimental data are available for masonry construction. 
Consequently, the airtightness of window-wall interfaces was investigated for 13 
different installation methods. The results show that the selected solutions cover 
a wide range of airtightness levels, from 0m³/h.m up to 31m³/h.m at 50 Pa. The 
experiments have permitted determining that a very good performance can be 
obtained by using polyurethane foam and caulking, airtight membranes, 
polyurethane foam and plywood framing, and plaster and caulking. On the 
contrary, mineral fibre insulation, a partial fill with polyurethane foam and 
plaster without caulking should be avoided when good airtightness is required. 
Furthermore, a comprehensive methodology for error calculation is offered, 
based on error propagation of partially correlated parameters, including the effect 
of measurement errors, extraneous air leakage and conversion to standard 
boundary conditions. 
Masonry walls are commonly used in a range of different climates; two key 
features of masonry walls contribute in providing acceptable performance by 
mitigating the effects of wind-driven rain: the evident capacity of the exterior 
masonry to absorb and store rainfall; and an open cavity behind the exterior 
masonry cladding to drain infiltrated water. Recent European trends in respect to 
energy conservation have building practitioners considering applying spray-in-
place insulation to fill the open cavity in walls. However, this might increase the 
risk for water ingress. Four walls were constructed and retrofitted with either 
SPF or expanded polystyrene beads, and the watertightness was evaluated with a 
static, cyclic and Pareto test protocol. The walls retrofitted with SPF did not 
show any leakage during testing. The samples with EPS beads showed 
infiltration at low pressure levels (or without pressure) in the standard test 
protocols, whereas the Pareto test procedure leads to much less points of water 
entry, and the entry rates are also much smaller. When infiltration was evident, 
in most cases the location could be traced back to the presence of vertical cracks 
or mortar obstructions.  
Several types of test sequences have been applied to a range of products. Pareto 
testing leads to failure at lower pressure differences compared to static testing for 
sealant tapes, and based on a pass/fail criterion, fewer product would pass. These 
perfect barrier systems require a combination of static and cyclic test conditions for 
realistic performance assessment. Windows also perform significantly different 
under static and cyclic pressure fluctuations. The window wall interfaces failed at 
lower pressures under cyclic and Pareto test conditions compared to static test 
conditions. Contrarily, tests on retrofitted brick cavity walls showed that standard 
test protocols cause failure, the Pareto test protocol did not. Perhaps the existing 
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protocols are too severe an unrealistic. Given that building components are 
subjected to both static and dynamic pressure differences in reality, and given that 
several building components with different watertightness concepts show 
completely different behaviour under dynamic pressure sequences compared to 
static conditions, it is concluded that the Pareto test protocol is much more 
appropriate to evaluate the watertightness of building components.  
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The title of this PhD-thesis might evoke high expectations: the broad scope and 
lack of focus insinuates to establish a universal theory and approach in respect to 
watertightness. The strain between prevalence and specificity, between theory and 
practice, is condensed into the thesis that lies before you. Inevitably unfinished, 
incomplete and deficient. Just as a novel differs from a dictionary, science differs 
from facts. A scientist is intended to be ambitious, and must endeavour 
universalism: elation is both a prerequisite and mitigating circumstance. As an 
architect, engineer and building practitioner, the gap between theory and practice I 
experienced in both building physics and building technology compelled me to 
conduct research on the performance assessment of building envelopes and 
interfaces. The interaction of diverging requirements defines the context in which 
building practitioners work and build. Several aspects were studied, but for reasons 
of consistency only watertightness is addressed here.  
It is the ambition of this thesis to provide a scientific basis in respect to the 
evaluation of watertightness of building components, and to describe the 
principles that describe why water does or does not infiltrate into the building 
envelope. 
This chapter motivates the research effort for this PhD-study, and provides a short 
overview of the different aspects of watertightness that are tackled in the 
subsequent chapters. First of all, watertightness is put into context from different 
“At the same time men’s present habits of thought tend 
to persist indefinitely, except as circumstances enforce a 
change. This is the factor of social inertia, psychological 
inertia, conservatism” 
Thorstein Veblen 
2  CHAPTER 1 
angles. The relative interest and impact of watertightness in the building industry is 
evaluated by looking at data on building failure analysis, standards and scientific 
literature. Traditional construction methods are changing due to more severe 
requirements, not the least in respect to thermal performance. New products and 
concepts have to be watertight and withstand the driving forces that may lead to 
water infiltration and premature deterioration.   
1.1 Motivation 
1.1.1 Context 
A survey in Israel indicated that according to tenants, watertightness is the most 
important parameter to evaluate the overall performance and condition of a 
building, followed by durability of plumbing materials and crack resistance of 
walls [1]. People appreciate watertightness. 
 
In Belgium, the BBRI reported that 24% of all interventions for buildings relate to 
moisture, and water infiltration is the most important cause of building damage 
(condensation, absorption due to capillary action and initial moisture content are 
excluded) [2]. Cracking and water infiltration are the dominant causes for failing 
renderings [3]. In curtain wall systems, weathertightness is the most common 
performance failure [4, 5]. Ensuring good watertightness is the main problem when 
renovating wooden window frames [6]. Water ingress was the primary reason for 
the building crisis in New Zealand [7]. In Florida, Lstiburek [8] concluded that the 
overall performance level of building facades in respect to watertightness is very 
poor, and there is a lack of standards and guidelines on watertightness. A study on 
151 wall and window assemblies and 131 assembly interfaces on site in British 
Columbia showed that exterior moisture penetration at interfaces between 
assemblies is the dominant cause of moisture problems [9]. Furthermore, it was 
also concluded that there is lack of information on environmental design loads, and 
a lack of knowledge on actual performance of typical systems. In general, water 
ingress is likely to be the dominant cause for building failure in many regions and 
climates.  
 
A query in the database of the European Committee for Standardization yields over 
2000 standards solely related to the performance of building components and 
materials (excluding products related to building services). Nine standards relate to 
watertightness: concrete, windows, doors, curtain walls and roof coverings are 
addressed (query executed 11/10/2012). When an architect draws a window-wall 
interface for a masonry brick wall, 148 standards may apply to the window, 73 to 
the glass, 85 to the masonry, 94 to the insulation, 70 to fire safety, 167 to concrete, 
55 to acoustics… Additionally, ISO standards, national and regional codes can add 
to the complexity. Note that most standards only relate to material properties, and 
do not address typical construction issues such as building envelope interfaces or 
compatibility of materials. Next to the standards, there are other reference 
documents such as technical guidelines published by national building research 
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institutes and sector organizations. Watertightness is only partially addressed by 
standards.  
 
A query on the scientific website www.sciencedirect.com for the lemma ‘concrete’ 
results in 250.418 hits, ‘frost damage’ and ‘airtightness’ yields 2079 and 666 hits 
respectively. There are 15 publications related to the watertightness of buildings, 
building components or building materials (query executed 11/10/2012). In the 
different fields of research in construction, watertightness is practically absent in 
scientific literature, and similar trends are evident in proceedings of international 
conferences. In practice, national building research institutes (e.g. BBRI, CSTB, 
NRC) form the link between standards and the construction industry, and issue 
practical guidelines with ‘best practice’ solutions based on technical committees 
with experts from the industry. Watertightness is rarely addressed in scientific 
literature. 
 
Apparently, watertightness is not a primary concern in standards, and these only 
address watertightness on material or component level. Even though a significant 
amount of water ingress problems are located at building envelope interfaces, there 
is a complete lack of standards to evaluate the performance. Scientific literature on 
watertightness is scarce. Are the current standards adequate to evaluate the 
performance of building components? How do typical building components 
perform in these tests? Do the tests adequately represent the boundary conditions to 
which a component is likely to be subjected during its service life? How do the 
performance requirements in building codes relate to the actual performance 
levels?  
1.1.2 Change 
There are a number of elements that caused a recent shift in the way we think 
about building envelope performance.  
 First of all, an overall increasing life standard habituated people to have 
higher expectations when it comes to newly constructed residential 
buildings. “A few decades ago houses used to be somewhat warm, 
somewhat dry and somewhat comfortable” [10].  
 Due to an increased attention to environmental issues and the spectacular 
rise of energy prices, governments and individual builders invest in higher 
insulation levels and more airtight buildings. 
 In a lot of countries building codes and standards are evolving from 
prescriptive towards performance based [11, 12]. The development of a 
methodology for performance assessment of building products, 
components and constructions is crucial for the future implementation of 
such codes and standards.  
 
The unequivocal link between human activities and climate change has recently 
been reaffirmed in the fourth IPCC Report [13]. It is generally acknowledged that 
temperatures are rising, the Arctic ice caps are melting, and consequently the sea 
levels are rising. These changes are likely to have a major impact on agriculture, 
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food production, water resources, ecosystems and extreme events (e.g. floods, 
droughts, fires, diseases). Considering that fossil fuel combustion related emissions 
make up for 80% of the total greenhouse gas emissions in the European Union 
[14], a shift towards a low carbon economy inevitably implies not only a change in 
the way we produce and convert energy, but also to modify current energy 
consumption patterns. Household energy demand is expected to rise by 12% 
between 2005 and 2030. The residential sector represented 26% of the total final 
energy consumption in the EU in 2005, and energy consumed for space heating 
and cooling accounts for 66% of the total energy used. Throughout the world 
energy codes are becoming more demanding. For example, refer to [15] for an 
overview of trends in Europe. Figure 1.1 provides an overview of the energy 
requirements in Germany in respect to the state-of-the-art and research projects.  
 
 
Figure 1.1. Evolution in energy requirements in Germany [15] 
In North-Western Europe brick cavity walls are very popular in construction. Clay 
is readily available, the stone provides thermal inertia (which reduces the need for 
active cooling in moderate climates), good structural performance, good acoustical 
performance and resistance to fire, the walls are vapour open and moisture tolerant 
[16]. Furthermore, there is a strong tradition in building brick cavity walls. 
However, higher insulation levels increase the building cost and add to the 
complexity of traditional construction methods. In this respect, alternative 
construction methods such as wood-frame construction, prefabrication and exterior 
insulation finishing systems gain popularity in new construction.  Next to that, 
energy codes on building refurbishment provide additional incentives for more 
radical interventions in the existing building stock, which e.g. leads to increased 
insulation levels in walls by means of exterior insulation, retrofit insulation in 
cavity walls or interior insulation. All components of the building envelope are 
modified and optimized more and more to increase the thermal performance and 
airtightness. These modifications of existing and proven solutions might 
undermine their performance in respect to e.g. structural integrity, durability or 
watertightness. For example, the design of windows is changed to optimize cavity 
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dimensions for low Nusselt numbers, and sarking roofs evolve towards membranes 
or insulating products as roof underlay. Furthermore, a whole range of relatively 
new products such as vacuum insulation panels, aerogel products, low-emissivity 
coatings, phase-change materials, capillary active insulation materials, integrated 
photovoltaic products might offer new solutions to the construction industry. 
 
The recent evolution in energy codes and other performance requirements leads to 
rapid evolutions in the building industry. Whereas, typically the building industry 
is very conservative in its approach to adopting new technologies. Can the 
performance of new construction types be evaluated, alternative insulation 
methods or innovative materials by means of ‘expert opinions’, without 
experienced experts or precursory trial-and-error process? In the process of this 
PhD-thesis, the author participated in experimental weathertightness assessment of 
several projects where very innovative techniques were applied, and which 
required specific performance evaluation; e.g. La Defense Tour D2 Paris (Bechu 
and Sheehan), UFO (Beel), MAS (Neutelings and Riedijk), Stadshal Ghent 
(Robbrecht-Daem and Van Hee), The Shard London (Renzo Piano), Philharmonie 
de Paris (Jean Nouvel). 
  
 
 
 
 
  
 
 
Figure 1.2 Experimental performance assessment of building components:            
examples of case-studies 
There is a lack of codes and standards to evaluate the performance of these 
solutions in respect to watertightness, and a lack of insight and understanding of 
the fundamental principles on which it is based. The development of reliable test 
methods and evaluation criteria allows reducing the threshold for new solutions 
and products to the marketplace. Chapter 2 provides an overview of existing 
methodologies to establish test parameters for watertightness, and based on two 
case-studies these approaches are mutually compared. Subsequently, a new 
methodology was developed based on Pareto front analysis and generalized Pareto 
distributions. This approach is presented and discussed in chapter 3. 
D2 
UFO D2 
MAS 
Stadshal Ghent The Shard Philharmonie de Paris 
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1.2 Watertightness 
In most international standards, the word ‘watertightness’ is used to describe the 
ability to prevent impinging rain to infiltrate to the interior. Although raintightness 
would perhaps be a better word to describe this performance, it is not often used in 
standards and scientific literature. Raintightness would then refer to the ability to 
cope with impinging rain, whereas watertightness would describe the ability to 
resist a hydrostatic pressure exerted by a water column without water infiltration. 
However, the use of the word watertightness does not lead to confusion, as the 
ability to cope with hydrostatic pressure is generally not an issue, except for 
horizontal roofs. Given the fact that watertightness is typically used for walls in 
international standards, in international literature, and in common spoken language, 
watertightness will be used here to describe the ability to cope with rain impinging 
on a building component.  
Rain is only one of the moisture sources to a building component, other sources are 
interior and exterior water vapour, liquid water and vapour from the soil adjoining 
the building, initial moisture content, melting snow and water leakage from e.g. 
sanitary fitting. Rain penetration results from a combination of available water, 
openings to permit its passage and forces to drive or draw it inwards. It can be 
prevented by eliminating one of these three conditions. Figure 1.3 shows the forces 
that drive or draw the water into the wall [17]. Consider that hydrostatic pressure 
can also be an important driving force. 
 
 
Figure 1.3. Forces that drive water into constructions [17] 
The rain penetration control strategy of building components can be subdivided 
into three main categories:  
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 Storage systems or mass type: an assembly with sufficient storage mass to 
absorb all rainwater that impinges on the outer plane, e.g. thick solid 
masonry walls. 
 Perfect barrier systems, also called a face-sealed wall or one-stage 
system: this one perfect barrier stops all water and is located at or near the 
outer plane, e.g. flat roofs, glazing, exterior insulating finishing systems. 
 Rain screen systems, also called two-stage systems: it is assumed that 
some rain water will penetrate the outer plane that will subsequently be 
removed by an assembly that provides drainage within the wall, e.g. 
curtain wall systems, clay tiles roof systems. 
 
Figure 1.4 provides an overview of the enclosure rain control classification system 
by Straube [18]. 
 
Figure 1.4. Enclosure rain control classification system [18] 
 
Based on figure 1.3, the flaws and risks associated with storage systems and 
perfect barrier systems are straightforward. Storage systems do not comprise a 
capillary break, and all water must be absorbed. Although this approach was used 
up to the Second World War, it requires a significant amount of material. Consider 
that it is still of great importance to the existing building stock, and configurations 
with interior insulation will often rely on storage to obtain adequate watertightness.  
 
Perfect barrier systems perform very well, as long as they are perfect. This can 
perhaps be assumed for a number of components such as insulating glass units and 
prefabricated panels. However, these components are typically part of a larger 
system which comprises joints between the elements as well. In absence of an 
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exterior screen these components and joints are subjected to all meteorological 
variations such as sun, rain, UV-radiation, temperature fluctuations, etcetera. 
Similar to the overall systems, the joints can also be designed according to the 
three rain penetration control strategies. Systems where the perfect barrier 
approach is applied successfully are e.g. flat roofs and metal roofs with standing 
seams. 
 
The majority of the building components can be classified as screened-drained 
systems. These systems have an exterior rain screen that is supposed to divert most 
of the impinging rain water, a drained cavity that provides a capillary break and an 
interior airtight layer. When the inner layer is much more airtight than the outer 
layer, the cavity will pressure equalize with the exterior, reducing the wind 
pressure over the outer screen. The principle of pressure equalization has been 
described extensively in literature, but whether or not it actually works in practice 
is unclear; not a single publication was found on pressure equalization during rain 
events, and guidelines in scientific papers are typically not compared with or 
verified against configurations that have proven their watertightness over time.  
 
So how should we evaluate the watertightness of different types of building 
components, considering the range of enclosure rain control systems and inherent 
behaviour?  
 
Based on damage initiation phenomena, a new methodology to calculate 
boundary conditions for watertightness testing is presented in chapters 2 and 
3. In chapter 4 a numerical model to simulate pressure equalization is 
presented, and pressure equalization during rain events is discussed based on 
experiments and simulations. Subsequently, the effect on water ingress is 
discussed in chapter 5.  
1.3 Application 
A new test protocol is developed, and the principles of watertightness are 
presented, discussed, and elaborated on. Then, theory is put into practice for a 
number of case-studies: in chapters 6 to 10 windows, window-wall interfaces, 
and retrofitted brick cavity walls are analysed and discussed.  
 
This allows evaluating the watertightness test sequence, and to verify the validity 
of the principles concerning water ingress derived in chapter 5. Chapter 6 focuses 
on the watertightness of windows, and the principles that determine their 
performance. Given that windows are virtually the only building component for 
which air- and watertightness tests are systematically executed, the overall 
performance of windows in respect to airtightness and watertightness is analysed in 
chapter 7, based on a dataset of 437 window test reports.  
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The watertightness of window-wall interfaces is analysed in chapter 8. Next to the 
performance of traditional installation methods, the use of sealant tapes and 
flashing membranes as perfect barrier systems is also investigated. Supplementary, 
research on the airtightness of window-wall interfaces is presented in chapter 9. 
Parallel to the case-studies, the impact of test protocols on the performance 
assessment is also discussed. Windows and window-wall interfaces typically 
function as perfect barrier system or rain screen system. To complete the analysis 
of the impact of test protocols on the watertightness of the three rain control 
classification systems, the impact of watertightness test protocols on storage 
systems was evaluated for retrofitted cavity walls as case-study in chapter 10. The 
final chapter provides an overview of the conclusions, and puts these into 
perspective.    
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Many of the standards and codes related to watertightness of building 
components in use today have a long history and in most cases their roots were 
conceived decades ago. Irrespective of the broad spectrum of research on wind 
loads, rainfall and Wind driven rain (WDR) intensity, little information is 
available concerning the scientific basis for watertightness test methods or 
performance criteria. This chapter provides an overview of existing 
methodologies to establish test conditions and a critical review of calculation 
methods for wind and WDR loads on buildings, from the viewpoint of 
establishing test parameters for watertightness testing. Furthermore, the existing 
methodologies are enhanced and optimized on several points, based on recent 
advances in research on rain and Wind driven rain. Wind loads acting on the 
building façade are first considered and a wind gust model, based on the 
operative standard in the field of structural engineering, is extended to calculate 
wind loads for varying configurations, return periods and gust lengths. 
Thereafter implications on the use of the gust model are discussed in respect to 
watertightness testing. This is followed by relating rainfall loads to specific 
locations and a state-of-the-art on intensity-duration-frequency curves of 
horizontal rainfall intensity is given, and a new approach to accommodate 
conflicting models is presented. Furthermore, based on recent advances in WDR 
research, an adapted semi-empirical model is suggested to calculate extreme 
WDR intensities on building façades. For two geographical locations boundary 
conditions for watertightness testing were calculated, based on datasets 
extending over 10 years of 10-minute averaged values. Finally, constraints and 
“Books have led some to learning and 
others to madness, when they swallow 
more than they can digest” 
Francesco Petrarca 
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challenges in applying extreme value analysis to establishing proper boundary 
conditions for watertightness tests are discussed in respect to cut-off values, 
fitting algorithms, goodness-of-fit (GOF) criteria and co-occurrence of rain and 
wind. A summary of this chapter was submitted as paper to Building and 
Environment, and has been accepted for publication. 
2.1 Introduction 
In general, standards, codes and guidelines have been developed on the basis of a 
broad scientific consensus that has arisen from a mutual understanding of the 
subject and agreement on issues that may substantially affect outcomes, be these, 
for example, standard test methods and test parameters, loads as defined in codes 
or approaches offered in guidelines. For the field of watertightness testing, this 
would result in a situation where similar performance requirements are used for 
buildings or components that are subjected to similar climate conditions. Most 
test standards to assess the watertightness performance of window frames as 
might be used in different countries all show a very similar approach [19]. 
Windows are subjected to a static water spray rate, whilst the pressure difference 
over the window is stepwise increased over time. The highest pressure difference 
that can be maintained for a period of time without water infiltration is generally 
used as determining the performance level. Consequently, typical performance 
requirements for window frames in different countries can easily be compared 
because the assessment method to determine the performance level is nearly 
identical. Specifically, a comparison was made amongst documents that 
prescribe the necessary performance level in Australia / New Zealand [20], 
United States [21], Canada [22], Great Britain [23], France [24], Germany [25], 
the Centre for Window and Cladding Technology(CWCT) [26] and Belgium 
[27]. In all of these standards and guideline documents the required performance 
level based on the expected weather conditions is defined by parameters such as 
geographical location, surroundings, local shielding, and height. Because all 
these parameters also affect the peak wind pressure on the building, one would 
expect a correlation between the required pressure during watertightness testing 
and the peak wind pressure on a building. From figure 2.1 it is evident that, 
although all codes show an increase in required performance level as a function 
of wind load, there are major discrepancies in respect to required watertightness 
levels.  
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Figure 2.1 Watertightness requirements based on design peak pressure loads. 
Depending on the country the building is located in, a building that is subjected 
to peak wind loads of e.g. 1400Pa, may require windows that are watertight up to 
pressure differentials of 100Pa, 150Pa, 180Pa, 300Pa, 450Pa or 600Pa. This 
suggests that there is no general consensus on how the performance should be 
defined as a function of the climate conditions to which these components might 
be subjected during their lifetime. These results are the incentive for the first two 
chapters: to analyze existing methodologies used to establish test parameters for 
watertightness testing, and to propose a revised methodology that renders an 
enhanced watertightness test and an explicit correlation between test parameters 
and actual climate conditions. First of all, the state-of-the art in respect to 
calculating test parameters for watertightness tests is presented here. Note that 
several aspects of this methodology are discussed in detail in subsequent 
sections, but this overview of how test parameters are typically calculated 
provides a context and framework for those sections.  
Sahal and Lacasse [19] developed a methodology for calculating water 
penetration test parameters of wall assemblies, based on the methodology 
developed by Choi [28]; and research undertaken by Straube and Burnett [29] 
and Mayo [30-32]. An extension of the methodology and application was 
presented by Cornick and Lacasse [33], and represents the current state-of-the 
art, given the degree to which the methodology to define boundary conditions 
has been documented. Based on hourly climate data, the WDR intensity (mm/h) 
for every data point is calculated with following semi-empirical model [34]: 
           (  )   ( )            (2.1) 
Where: RAF is the “Rain Admittance Factor” and set to 1.0 (-; corresponding to 
an open-field configuration without obstructions), DRF is the “Driving Rain 
Function” and is defined as the inverse of the terminal velocity of a raindrop 
(s/m), v(z) is the reference wind speed (m/s) for a specific height z (m), ih is the 
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hourly horizontal rainfall intensity (mm/h), and θ is the angle between the wind 
direction and the normal to the wall (°), conservatively set to 0°. Similarly, the 
driving rain wind pressure (DRWP) (Pa) is calculated with the Bernouilli 
equation for each data point when rainfall was recorded, which implies that a 
pressure coefficient of 1 is used. The peak WDR intensity and DRWP, assumed 
to be statistically independent, are then calculated for different return periods 
based on a Gumbel-distribution for each subset of annual maxima. Subsequently, 
the likelihood of occurrence for every pair of WDR and DRWP is estimated 
assuming these are not correlated, and the likelihood of one parameter is defined 
as the inverse of the return period (e.g. a likelihood of 0.05 corresponds to a 
return period of 20 years). The likelihood of occurrence for a pair of WDR and 
DRWP is then calculated as the product of the respective probabilities, and 
different combinations of WDR and DRWP are sorted into 5 classes based on 
similar likelihoods. The WDR can be modified for a different location on the 
building (RAF-value in equation 2.1), and the DRWP for different surroundings, 
building height and time periods (conversion with formulas provided in the wind 
code). Rainfall intensity for shorter periods is calculated with the following 
equation [35]: 
 ( )
  
 (
    
 
)
 
     (2.2) 
In which i(t) is the rainfall intensity (mm/h) corresponding to a specified time 
interval t (s), and the Linsley exponent γ is set to 0.42 by default.  
From this previous work on establishing test parameters for watertightness tests, 
several aspects that relate to test parameters such as, occurrence of peak wind 
loads, rainfall intensity, wind-driven rain loads and associated assumptions in 
respect to raindrop size, have not been clearly defined nor elaborated on. The 
intent in this chapter is to provide a scientific basis for the assumptions that 
directly relate to determining watertightness tests parameters by providing 
information on meteorological conditions, more specifically: 
 wind loads and peak velocity pressures that occur on buildings and that 
affect pressure differences across the envelope,  
 rainfall intensity and the factors affecting duration for different return 
periods,  
 the importance of droplet size and size distribution in estimating Wind 
driven rain loads 
 
Thereafter information is provided on the analysis of weather data and local 
climate that relates specifically to wind, rain, Wind driven rain and driving rain 
wind pressures. Finally, several approaches to establish test conditions are 
compared based on two climate datasets: analytical approximations, extreme 
value analysis, and the methodology presented by Cornick and Lacasse [33]. In 
chapter 3 a new methodology will be introduced to take the co-occurrence of rain 
and wind into account. However, in this chapter the existing approaches are 
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analyzed, and several aspects are optimized based on the literature available. As 
a result, the existing methodology is enhanced, and afterwards compared with 
the new methodology which is presented in chapter 3. The analysis presented in 
this chapter also provides fundamental insights on wind and rain analysis, which 
are also used in the new methodology in chapter 3.  
2.2 Meteorological conditions 
2.2.1 Wind 
It has been clearly established that pressure difference is one of the most 
important parameters to test the watertightness of building components [31-33, 
36-42]. In Europe, a quasi-steady state approach was adopted in the standard 
[43] to evaluate wind loads on buildings (hereafter this standard is referred to as 
Eurocode), and that is based on the methodology of Davenport [44]. A 
comparison to the information on wind loads provided in the respective 
structural building codes of the United States, Australia, Canada and Japan 
shows similar approaches [45, 46]. St. Pierre et al. [47] compared an extensive 
data set obtained from the UWO Boundary Layer Wind Tunnel Laboratory to 
establish wind loads for two low-rise building models and concluded that the 
European standard best matched the response coefficients derived from the wind 
tunnel tests.  
Note that significant discrepancies between building codes on orographic effects 
were reported [48]. These effects are typically omitted in the Eurocode, but may 
vary according to requirements set out in the national codes. Furthermore, the 
effect of immediate surroundings was also found to be of importance [49-51] but 
such elements are not evaluated in detail in the wind code given the endless 
variations one might need to consider and hence the complexity in accounting 
for the different load scenarios.  
Based on a Gumbel distribution for peak wind loads [52] the Eurocode allows 
calculating 3s gusts on buildings based on the 10-minute mean wind speed, but 
no formulas are provided to calculate values for intermediate time periods. In 
wind engineering, parent wind observations are usually fit to a Weibull 
distribution, whereas extremes are typically fit to a Gumbel distribution. 
Although these distributions are widely accepted [52-58], the applicability for 
specific climates and regions is still under discussion. Moreover, based on the 
analysis of data from 100 weather stations, Simiu et al. [59] concluded that there 
was no convincing support for the hypothesis that the Gumbel distribution 
should be used as a model of extreme pressures.  
In general, the pressure p(t) (Pa) at a given time can be calculated based on 
Bernouilli’s law: 
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In which vm is the time-averaged wind speed (m/s), u is the turbulent component 
of the wind speed (m/s) and ρ is the mass density of air (kg/m³), for which the 
recommended value in the Eurocode is 1.25kg/m³. The second and third term in 
equation 2.3 account for turbulent effects. If the third term is disregarded 
(although this may have a significant effect during strong turbulence, especially 
in surroundings with a high terrain roughness [60-62], the standard deviation of 
the wind pressure can be calculated as: 
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Where σ is the standard deviation, t0 is the duration of the time interval 
considered (s), pm is the wind pressure caused by the averaged wind speed (Pa). 
Although the above simplification can cause significant errors in determining the 
value of the standard deviation [63], these errors would predominantly occur on 
the leeward side of the building and hence in respect to analysis of wind loads 
during WDR events can be disregarded given that the WDR will impinge on the 
windward side of a building. The gable walls might be subjected to WDR as 
well, but this effect is not quantified in literature. Durst [64] presented a range of 
gust factors that permitted relating short-period gusts to 10-minute averaged 
values as well as hourly averaged values. Wieringa [65] incorporated a 
logarithmic wind profile [44] and generalized the work by Durst: he proposed a 
method to calculate the gust wind speed for different averaging periods using a 
peak factor approach, the factor kp, defined as: 
                 ((
   
 
)   )    (2.6) 
Cook [66] simplified the model by Wieringa to adapt hourly values to different 
gust lengths: 
          (
    
 
)     (2.7) 
The model by Cook has a broader range of application, and is more conservative 
for calculating gust wind speeds [67-69]. Consequently, this model has been 
adopted for calculating boundary conditions for watertightness testing for 
different averaging periods as described in this chapter. It should be noted that 
equation (2.7) yields a peak factor of 3 for 3s gusts, whereas the Eurocode has 
set the peak factor to 3.5. By integrating the model by Cook in the formulas of 
the Eurocode, the peak velocity pressure is calculated as follows: 
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The use of equation (2.8) thus allows calculating the peak velocity pressure for 
any gust duration t in the interval [1, 3600] seconds, based on the mean exterior 
pressure coefficient (cpe), mean interior pressure coefficient (cpi), terrain 
roughness (z0), annual exceedance probability (P), the orography coefficient co, 
and the 10 minute averaged peak meteorological wind speed (vb) for a 50 year 
reference period. Consider that equation (2.8) is not valid for a building height z 
(m) below 10m, given that the threshold value might not be met which in turn, 
due to simplification, leads to an underestimation of the roughness factor. Table 
2.1 provides an overview of terrain roughness and minimum height in respect to 
the terrain category. As an example, the pressure difference over a façade was 
calculated for a range of configurations, reported in figure 2.2. 
Table 2.1 Terrain categories and terrain parameters according to the Eurocode [43] 
Terrain category z0 (m) zmin (m) 
0 – sea or coastal area exposed to open sea 0.003 1 
I – Lakes of flat and horizontal area with negligible  
     vegetation and without obstacles 
0.01 1 
II – Area with low vegetation such as grass and isolated  
     obstacles (trees, buildings), with separation of at least  
     20 obstacle heights 
0.05 2 
III – Area with regular cover of vegetation or building or   
      with isolated obstacles with separations of maximum  
      20 obstacles heights (such as villages, suburban  
      Terrain, permanent forest) 
0.3 5 
IV – Area in which at least 15% of the surface is covered   
      with buildings and their average height exceeds 15m 
1.0 10 
 
For heights below the threshold value zmin the roughness factor is constant. Note 
that both the Eurocode as well as the AS/NZS 1170.2 use a logarithmic law for 
the mean velocity wind profile, whereas ASCE/SEI 7-05 uses a power law. The 
robustness and reliability of the logarithmic method for different time averaging 
periods was demonstrated by Ro and Hunt [70]. An example of both models as 
compared to experimental data for one location was found [71], however no 
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comprehensive comparison of the models for a range of locations is known to the 
author.  
This equation assumes identical reference height for the external wind action and 
internal pressure. Furthermore, the effect of the area of a component is 
disregarded, as well as the frictional coefficient (only works on surfaces parallel 
to the wind and thus of no importance for Wind driven rain loads). As well, the 
effect from the non-simultaneous occurrence of peak wind pressures on the 
surface together with the effect of the vibrations of the structure due to 
turbulence is omitted. Consequently, equation 2.8 should not be used for 
structural analysis of façade and roof elements having a natural frequency below 
5Hz [43]. 
For walls of buildings with a rectangular plan, the exterior pressure coefficient 
(cpe) depends on the different geometrical aspect ratios of the buildings’ height, 
width and depth and the location on the façade, but for small areas the exterior 
pressure coefficient is fixed to 1.0 (which is also the highest value found on the 
windward side according to the Eurocode). The interior pressure coefficient (cpi) 
relates to the interior pressure that, in reality, is determined by the spatial 
distribution of air leaks over the building envelope. The suggested default value 
in the Eurocode is -0.3 (up to -0.5 for very specific configurations), which is 
consistent with measurements found in literature [72]. However, the value of      
-0.3 is a 3s peak value and can be even lower for longer averaging periods. 
Furthermore, the difference between the internal peak pressure coefficient and 
averaged internal pressure coefficient for a building with uniform distributed air 
leaks is about 0.1 [73]. Hence, by assuming a fixed value the underestimation of 
internal pressures can be significant for long gust periods. In absence of any 
practical applicable correlations that take into account different averaging 
periods, the default value of -0.3 is perhaps not conservative for every single 
case, but a lower generic value would become very unrealistic for the majority of 
buildings.  
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Figure 2.2 Pressure difference over a façade as a function of height, surrounding terrain 
category and averaging period according to the Eurocode adapted with the gust model by 
Cook. Pressures were calculated for a return period of 30 years, a fundamental basic 
wind velocity of 26m/s, external pressure coefficient of 1, internal pressure coefficient of  
-0.3, and an orography coefficient equal to 1. 
Note that a ‘building importance factor’, ranging in value from 0.87 (e.g. 
agricultural structures) to 1.15 (e.g. hospitals) is used in the ASCE/SEI 7-05 [74] 
standard. Whereas in the Eurocode, this option is offered both for limit state 
calculations as a partial factor approach based on a differentiation in reliability in 
accordance with  three consequence classes (CC1 to CC3) these classes relate to 
the consequence of load exceedence on the structure [75]. Although it might 
seem interesting to adopt and implement this approach directly for performance 
assessment of cladding, the coefficients are based on very specific parameters 
(e.g. number of possible casualties in case of a collapse, military importance). 
For projects that require higher performance levels concerning watertightness 
(e.g. museums, printing offices), more stringent requirements can, for example, 
be specified based on the annual exceedence probability P.  
Typically, a 3-second gust is specified in building codes to calculate the overall 
wind load on a building. For small components it is less straightforward to 
determine which gust lengths and frequencies are important to consider. It is 
possible to determine the contribution of any specific wind gust frequency within 
the power spectrum of the wind given the gust spectrum. Within the highest 
frequency range, kinetic energy is converted into internal energy through viscous 
dissipation. Several publications report turbulences with frequencies above 1Hz, 
typically found near the edges of building corners [76-78], but other publications 
[52, 79] indicate that the overall intensity of turbulence on a whole building scale 
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is insignificantly affected at gust frequencies above 1Hz. Smaller buildings need 
to account for shorter duration and higher magnitude gust loads (5s gusts were 
considered a conservative assumption for small buildings), and cladding should 
be calculated for about 1-s gusts [80]. Letchford et al. [81] reported 10Hz as an 
upper frequency limit for cladding design. 
2.2.2 Horizontal rainfall 
According to Sacré [82], in watertightness testing the spray rate will not be a 
determining factor as to whether or not a component fails, but will affect the 
quantity of water that enters the component once infiltration is established. 
However, this may only be true for face-sealed building envelopes, given that 
such systems rely on a single barrier and do not rely on pressure moderation or 
mass buffering. Drained cavity wall systems typically rely to some extent on 
pressure moderation, and water that does infiltrate the cavity is drained by, e.g., 
cross-cavity flashing. Consequently, the amount of water that infiltrates can 
perhaps exceed the drainage capacity of the system. For these cases the water 
deposition rate can have a significant effect on the watertightness results. The 
effect of water spray rate on infiltration rates has been confirmed, e.g., for 
curtain walls [32], hardboard sidings [83], masonry brick walls [84] and 
deficiencies in a vertical plane [85]. Boundary conditions for watertightness 
testing should thus be representative of actual weather conditions. Similar to 
wind load characterization, the methodology to calculate rain deposition on walls 
should take into account all parameters that affect the results. Wind driven rain 
on building façades is a complex phenomenon that is not only a function of wind 
speed but also of the size and terminal velocity of raindrops, rainfall intensity 
and related factors. In this section horizontal rainfall intensity is discussed: 
intensity-duration-frequency (IDF) curves that relate the horizontal rainfall 
intensity to rainfall duration and return period are not widely used. Most 
empirical equations only comprise information either on intensity-duration, or on 
intensity-frequency. Finally, a new approach is provided by the author to define 
IDF-curves. 
Introduction 
Rain intensity distribution functions have primarily been used for flood risk 
engineering, water resources engineering and contamination risk analysis [86]. 
Since 1932 [87, 88] many sets of relationships have been derived and have 
resulted in semi-empirical formulas and relationships, determined for several 
return periods and durations. Initially, linear correlations were assumed to permit  
extrapolation to short-duration rainfall intensities [89], or a normal probability 
distribution was used [90] for such purposes. However, other researchers have 
demonstrated that distribution functions are typically positively skewed (i.e. with 
a tail on the right side and the bulk of the values lying to the left of the mean). 
Initial approaches used Gumbel [91-93] or Weibull distributions [94, 95] to fit 
extreme values. Linsley et al. [35] presented a simple formula (simplified version 
of the formula by Yarnell [96]) to relate hourly averaged rainfall intensities to 
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smaller time spans, used by e.g. [19, 28]; equation 2.2. Reported values for the 
exponent γ (hereafter referred to as the Linsley exponent) range from 0.40 [97] 
to 0.84 [98], depending on the location and the type of rainfall events that 
typically occur. Cornick and Lacasse used the value for the Linsley exponent as 
provided by Choi [28], and applied it to a range of locations in the US. Choi used 
the value from Linsley et al. [35] and applied it to Sydney, Australia. Linsley et 
al. [35] originally found the correlation on the basis of information derived from 
a study of rainstorms that occurred in Ohio, US. Applying a coefficient derived 
for a specific climate to a different climate can introduce significant uncertainties 
when calculating peak rainfall intensities for the alternate climate location.   
Furthermore, out of nine different two- and three-parameter IDF relationships, 
equation 2.2 provided the poorest fit [99]. Koutsoyiannis et al. [88] proposed a 
mathematical framework to calculate a generalized IDF-relationship, but the 
effect of frequency and duration were not evaluated simultaneously: the 
intensity-duration distribution can be described with a simplified two-parameter 
model, whereas the relation that includes the return period is implemented in a 
separate way. The generalized IDF-relationship can be formulated as follows: 
     ( )  
 ( )
(   ) 
    (2.9) 
In which β and η are parameters to be estimated (β>0, 0<η<1), a(T) is the 
probability density function (PDF) for the maximum intensities based on 
experimental data for a specific location and T is the return period (years). Note 
that the function in the denominator was found inadequate for IDF fitting [99]. 
For a more thorough analysis of this concept of dissociation in IDF-relationships, 
data reported in literature [88] were normalized and compared with a different 
approach: an empirical single term exponential model for rainfall for average 
recurrence intervals by Froehlich [100] for which intensity-duration functions are 
not conceived independent of the return period. The difference in intensity 
between both models increases for longer return periods (see figure 2.3), 
although the nominator in equation 2.9 is not a function of duration. IDF curves 
for 252 locations in the state of North Carolina (US) were reported [101], which 
showed that values for the 5-min rainfall intensity are on average, four times 
higher than hourly values for a one year return period, and three times for a 50 
year return period. Consequently, the presumption of dividing the IDF 
relationship in separate functions for intensity and return period is contradicted 
[100, 101].  
The rainfall IDF functions presented above typically relate to relatively short-
term intensities, i.e. between 5 minutes and 24 hours, which is sufficient for most 
watertightness test protocols. Exceptionally one could design a test method (for a 
specific component or specific performance parameter) that incorporates long-
term wetting of a wall, or exposure to simulated succession of rain events. An 
overview of rainfall IDF curves for rainfall durations between 1 and 10 days was 
presented by Froehlich [102]. The IDF functions were extended into temporal 
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distributions of rainfall intensities as a point process approach [103-107]. These 
functions also contain information on the random distribution of individual rain 
storms over time, with varying intensity and duration. However, reported 
coefficients for a range of locations are scarce. 
 
Figure 2.3 Comparison of the dissociation approach by Koutsoyiannis based on a 
Gumbel distribution or a simple exponential model (equation 2.2), with empirical data. 
Case-study  
The Royal Netherlands Meteorological Institute (RNMI) published a list of the 
annual extreme rainfall intensities for the period 1906-1990 [108] for different 
rainfall durations (referred to as RNMI IDF). Equation 2.2 was fitted to these 
data, and the Linsley exponent is shown in figure 2.4. The data were analyzed as 
a function of the return period; the reported values indicate the average Linsley 
exponent for a range of 50 probability bins, the dotted red line is the hourly 
rainfall intensity plotted as inverse empirical cumulated distribution function 
(CDF). The colored dashed lines show the Linsley exponents for two Mid-
Atlantic regions of the United States as a function of the return period derived 
from tabulated precipitation depths [100]. For this comparison, these exponents 
were fitted to power functions and show a very good fit. Consequently, the 
exponents derived from the RNMI website were also fitted to a power function 
and plotted as a solid black line in figure 2.4. Based on that power function, the 
Linsley exponent for a return period of 10 years is 0.55, and for a return period 
of 100 years 0.43. Even though a strong decrease for longer return periods is 
evident, the validity of the dissociation is analyzed in detail by evaluating 
equation (2.9) for these data. The hourly rainfall intensities from the RNMI 
website were fitted to a range of distributions, from which the generalized 
extreme value distribution (GEV), Gumbel and Lognormal distributions showed 
the best goodness of fit (GOF). 
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Figure 2.4. The Linsley exponent of the RNMI IDF data shows a clear decrease for longer 
return periods. A power function showed perfect fit for similar data found in literature 
[100], and was applied to the RNMI IDF data as well. A GEV distributions yields the best 
GOF statistics to describe hourly rainfall intensities over time. 
Fitting and evaluating distributions 
The GOF was evaluated based on visual observation of quantile-quantile (Q-Q) 
plots, the Anderson-Darling (A-D) test statistic, the Kolmogorov-Smirnov (K-S) 
significance level, and the chi square (χ²) significance level. Contrary to e.g. the 
Akaike Information Criterion, model simplicity is not taken into account. The A-
D test is currently considered to be the superior test to evaluate the GOF of a 
cumulative distribution function [109]; use of this test permits emphasizing the 
quality of the fit in the tail of its distribution more than that of the K-S test, this 
latter test being more sensitive to the center of the data. The A-D is basically a 
quadratic empirical distribution function extended with a weight function which 
places more weight on the observations in the tails of the distribution. The A-D 
test result can be normalized by transforming the hypothesized distribution to a 
uniform distribution, for which tabulated critical values are available as a 
function of significance level and sample size. The A-D distance can be 
calculated: 
    ∫
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Where An is the Anderson-Darling distance, Fn is the empirical distribution of 
the data, F0 is the hypothesized distribution and n is the sample size. The A-D 
assigns equal weights to both tails of the distribution, whereas for extreme wind 
speeds and rainfall intensities the interest is concentrated on the upper tail of the 
distribution. The modified Anderson-Darling test places more emphasis on the 
higher tale of the distribution: 
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Where MAn is the modified Anderson-Darling distance. Recent publications 
show that the modified Anderson-Darling test tends to yield better results for 
extreme wind speeds and rainfall intensities [110, 111], however, currently there 
is a lack of information on reference values of the test statistic for a range of 
different distributions and samples sizes. It can easily be computed for normal 
distributions, but conversion to other distribution types is complex. 
Consequently, the test statistic for the A-D test is calculated for the ordered data 
[X1 <…<Xn] as follows: 
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     (2.12) 
The K-S test statistic is based on the supremum of the distance between the fitted 
and empirical distribution, which converges to zero with increasing sample size 
if the distribution fits.  
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Where Dn is the Kolmogorov-Smirnov Test statistic, Fn(x) is the empirical CDF, 
F(x) is the fitted CDF and sup is the supremum function. The χ² test divides the 
sample group in subintervals, and compares the number of points in each bin 
with the expected number of data points. Due to the use of subintervals, this 
method can only be used for large sample groups.  
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       (2.14) 
Where χ² is the test statistic, k the number of subintervals, ei the expected 
number of data point in interval i, oi the observed number of data points in 
interval i. Each subinterval should contain at least 5 data points, so this algorithm 
emphasizes the fit in the region with the highest probability density. 
Table 2.2. A-D test statistic, and K-S and χ² significance levels for fitting to horizontal 
rainfall intensities [108].  The relative rank was assigned based on the GOF statistics and 
visual analysis of Q-Q plots. 
RNMI IDF K-S A-D χ² Rank 
GEV 0.995 0.187 0.865 1 
Gumbel 0.984 0.243 0.651 2 
Lognormal 0.982 0.229 0.920 3 
 
As provided in table 2.2, the GEV has the best set of values for GOF (rank 1), 
followed by the Gumbel and thereafter the Lognormal distribution. Thus, the 
GEV describes the PDF of the numerator of equation 2.9. Instead of assuming a 
fixed exponent in the denominator, the effect of the return period on the 
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intensity-duration correlation can be described by a power function, as 
demonstrated in figure 2.4. Consequently, rainfall intensities can be calculated 
based on the GEV fitted through the hourly data, in combination with the power 
function that describes the decrease in Linsley exponent for longer return 
periods, to calculate rainfall intensities for varying duration and varying return 
periods. This approach would bypass the inherent dissociation error in the 
approach by Koutsoyiannis. 
A new approach towards IDF 
A GEV was fitted to a range of rainfall durations: 
    ( )   
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where FGEV(x) is the cumulative distribution, µ the location parameter, σ the 
scale parameter and ξ the shape parameter. It was found that the location 
parameter μ increases significantly for shorter durations, because peak rainfall 
intensities likewise increase given shorter time periods. On the other hand, the 
shape parameter ξ changes from 0.044 to -0.062, but this slight shift in skewness 
from Fréchet to Weibull is largely compensated by a strong increase in the scale 
parameter σ.  
Table 2.3. GEV parameters for varying time averaging periods. 
Duration ξ σ µ 
5 min -0.062 26.1 65,3 
10 min -0.011 19.0 44,9 
15 min -0.011 15.2 35,6 
30 min 0.003 9.7 22,6 
1h 0.005 5.2 13,8 
2h 0.004 2.8 8,5 
 
Thus for the same value of probability, the increase of the scale parameter 
introduces a decrease in the CDF and higher values for rainfall intensity.  
Combining the GEV distribution with the power function would thus provide, 
due to inversion, an underestimation of the rainfall intensities at a given 
probability. Based on the GEV distribution for hourly values, a fitting algorithm 
was used to calculate the power function for the Linsley exponent based on a 
weighed χ² GOF optimization that considered all durations. These results were 
then simplified to the following equation for estimating the rainfall intensity: 
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The first part represents the GEV function for the hourly rainfall intensity and 
the second part of the IDF-equation indicates that the Linsley exponent of 0.7 is 
independent of the return period. The underestimation in rainfall intensity by 
applying the GEV distribution is compensated by the overestimation in value of 
the Linsley exponent. The error by using only one GEV distribution (assuming a 
fixed skewness), and is compensated by the error in applying a static Linsley 
exponent instead of a power function (that describes the decrease for longer 
return periods).  
Figure 2.5 shows the empirical values for horizontal rainfall intensities of 
different duration (5, 10, 15, 30, 60, 120 min.) as a function of the return period 
(1 to ~90 years), and the calculated values based on equation 2.15 (RNMI 
database [108]). Garcia-Bartual and Schneider [99] found very poor GOF for 
equation 2.2 for rainfall durations of 2 and 5 minutes, and accordingly, the 5-
minute data were given less weight in the fitting algorithm. Furthermore, the 
GEV parameters show there is a significant reduction of the skewness from the 
10-min to the 5-min data: this is because the fixed Linsley exponent 
overcompensates the use of the hourly GEV for short durations (i.e. for durations 
of 5 and 10 min). The dashed line in the graph shows the 5-min results for 
equation 2.15 when the Linsley exponent is set to 0.63 instead of 0.7. The dotted 
lines show the GEV distributions fitted to the individual different spell durations. 
The straightforward approach, which is based on a single GEV distribution and a 
fixed exponent thus renders a conservative value for rainfall intensity that 
slightly overestimates values of intensities for most durations and return periods. 
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Figure 2.5. Measured and predicted horizontal rainfall intensity.  
Note that the results from research in global warming [112] suggests that currect 
observed trends might lead to a very significant increase in the frequency of 
severe rainfall events. Although global warming would on average increase the 
atmospheric water vapour, a greater increase is expected in extreme precipitation 
as compared to the mean. This is because extreme precipitation is controlled by 
the availability of water vapour, whereas mean precipitation is controlled by the 
ability of the atmosphere to radiate long-wave energy (released as latent heat by 
condensation) to space, and the latter is restricted by the increase in greenhouse 
gasses [113]. 
2.2.3 Wind driven rain 
In order to calculate the amount of WDR on a building, Lacy [114] derived the 
following equation: 
       ( )    
            (2.16) 
With α: WDR coefficient (s/m), v(z) is the wind velocity (m/s) at height z (m), ih 
is the horizontal rainfall intensity (mm/h), exponent 0.88 is called the WDR 
exponent (-), and θ is the angle between the wind direction and the normal to the 
wall (°).The equation above is often simplified by assuming that driving rain is a 
simple linear function of wind speed and rainfall rate [34]. The WDR coefficient 
relates to the ratio of the amount of WDR that strikes a part of the building 
façade, as compared to the WDR that would strike the same area in free-field 
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conditions, i.e. without obstruction of the building itself. In free-field conditions 
the trajectory of a raindrop will be determined by the wind speed and terminal 
velocity of that raindrop. Lacy suggested calculating the Wind driven rain for 
only one droplet diameter, namely the median drop size diameter D50 which 
represents half of the volume of rain drops. Based on this assumption, a value of 
0.222 is often assumed for the WDR coefficient. However, Straube [18] argued 
that the WDR coefficient should be function of the horizontal rainfall intensity, 
as the rainfall intensity affects the raindrop diameter distribution and WDR 
intensity accordingly. 
Although equation 2.16 is principally correct for an open-field situation, there is 
no physical basis to apply it to buildings, for which the wind flow pattern is 
disturbed very significantly. Furthermore, the equation is based on a median rain 
drop size, and consequently, differences in terminal velocity and drag for 
different rain drop sizes are omitted. It should also be considered that simulations 
[115] using computational fluid dynamics (CFD) have shown large discrepancies 
for this cosine projection. The cosine projection implicitly assumes that, similar 
to e.g. solar radiation, the effect of non-perpendicular winds can be accounted for 
by projecting the building façade to a perpendicular plane to calculate the WDR 
on that area. An overview and detailed description and comparison of the semi-
empirical models with CFD models can be found in [116-118]. Consider that 
none of the models have been validated over a range of incident angles for 
WDR. 
Cornick and Lacasse have calculated WDR loads on buildings using the Straube 
model, that is based on the terminal velocity of the median drop size as a 
function of rainfall intensity. However, Cornick and Lacasse used the 
predominant rain drop diameter Dpred which is the diameter of the drops which 
account for the greatest volume of water in the air.  
Note that a comparison of published raindrop volume distribution functions 
[119-123] shows significant discrepancies in respect to the drop diameter 
probability density function (figure 2.6). These distributions relate to the 
distribution of raindrop diameters in the air (volume based), as opposed to 
distributions of raindrops arriving on the ground (arrival rate in a specific time 
frame). Larger raindrops have a higher terminal velocity, and consequently, these 
have a higher probability in arrival distributions.    
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Figure 2.6 Solid lines show results for Best [120], whereas the dotted lines represent the 
simple negative exponential function by Marshall and Palmer [119]. Note that the 
distribution according to Assouline [123] was converted here to a volume based 
distribution function based on the terminal velocity function by Assouline [123]. 
Furthermore, laboratory research suggests that the raindrop size distribution is 
significantly different for simulated rainfall with and without wind [124]. 
However, in absence of any other distribution function with corresponding 
tabulated generic parameters, the model presented by Best [120] provides a 
practical approach to estimating raindrop diameters, as used by several authors: 
     
 (
 
       
     )
    
       (2.17) 
With D: droplet diameter (mm), F: volumetric fraction of liquid water in the air 
comprised by drops with diameter less than D (-), rh: horizontal rainfall intensity 
(mm/h). The use of one diameter is only a simplification of reality, but the 
choice of diameter type, whether based on the predominant or median rain drop 
size, should in any case be representative of the quantity of water that eventually 
hits a building face. D50 and Dpred can be calculated as follows: 
             
           (2.18) 
             
           (2.19) 
Thus, based on these equations, the predominant drop diameter is 12.4% smaller 
compared to the median drop diameter, which results in a lower terminal velocity 
and a higher WDR load. 
The author has no knowledge of studies that analyze the effect of simulated rain 
drop distributions on watertightness performance of components using a lab 
spray rack system. It was argued that rain drop size distribution is important for 
watertightness testing [125, 126], but no supporting measurements were 
Best 
Assouline 
Marshall and Palmer 
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presented. One can reasonably assume that the rain drop distribution will 
primarily have an effect in the case where raindrop trajectories can transport 
individual raindrops through openings in the tested building component (e.g. 
trickle vents and open joint façade systems). 
Figure 2.7 shows a comparison of the different equations to calculate the 
terminal velocity of raindrops [121, 127, 128]. Included in this figure are the 
theoretical terminal velocity for spherical raindrops reported for drag coefficients 
ranging between 0.4 and 3 [129]. It is apparent from the information provided in 
figure 2.7 that good agreement is obtained amongst the different equations. 
Secondly, the theoretical calculation for a sphere shows large discrepancies with 
the analytical models due to droplet deformation and specific aerodynamic 
effects. 
 
Figure 2.7. Terminal velocities for raindrops according to Mualem and Assouline [121], 
Dingle and Lee [128], Lacy [127] and theoretical velocities for spheres according to 
Gunn and Kinzer [129]. 
In order to evaluate the choice of reference drop diameter for the terminal 
velocity, the WDR load was calculated in three separate ways with equation 
(2.16). First of all, the rain drop spectrum was discretized, and the terminal 
velocity and WDR loads were calculated for each interval and then integrated 
over a rain drop distribution spectrum [120] as the domain. Thereafter, the WDR 
load was also calculated based on the median drop diameter as well as the 
predominant drop diameter, for a wind speed of 1m/s. A comparison in respect to 
WDR at specified rainfall intensities was obtained using these three different 
approaches and is given in figure 2.8.  The numerical solution shows 
significantly higher WDR loads as compared to both single-diameter calculations 
for high WDR loads. The simplified calculations introduce an error up to 20% 
compared to the numerical calculation due to inadequate choice of raindrop 
diameter. 
Drag coefficient  
0.4 
3 
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Figure 2.8 Choosing only one specific rain drop diameter for calculating WDR loads with 
the semi-empirical model by Straube introduces significant errors as compared to 
integrating over a varying rain drop diameter according to rain drop distribution spectra. 
Furthermore, the WDR coefficient also has a large effect on the WDR intensity 
in equation 2.16. Larger buildings will increase the effect of wind blocking, 
which results in lower WDR coefficients and lower catch ratios (i.e. the ratio of 
the Wind driven rain intensity over the unobstructed horizontal rainfall intensity) 
[130]. The wind blocking refers to the  disturbance of the wind-flow pattern by 
the presence of the building. In order to broaden the applicability of a new test 
protocol, it seems advisable not to differentiate in building geometry. 
Consequently, a conservative approach would be to use the peak catch ratio 
found on the smallest building, a 10m cube in open terrain (when defining 
generic performance levels based on height, it would be reasonable to have a 
single class for all buildings below 10m). For random wind directions between -
90° and 90°, a distribution function derived from figures reported in literature 
[115] for ih=1mm/h and v10= 10m/s shows that a catch ratio of 1.26 covers over 
98% of the façade. A peak catch ratio of 1.3 seems reasonable, given the fact that 
this value is conservative for buildings higher than 10m. The peak value found at 
the corner of the building is not representative for the overall façade. One could 
define two different zones on a building: a zone located at the edge of the 
building (corner) and a central zone. The corner zone refers to 3 strips on a 
façade: two strips from bottom to top at both of the vertical extremities of the 
façade, with each being a width equal to 10% of the building width. Secondly, a 
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strip at the top extremity of the building, being as wide as the building, with a 
height equal to 20% of the building height. The residual surface is then 
considered the central zone of the building. Based on CFD simulations in 
literature [115], a catch ratio of 1.0 would cover over 98% of that surface for 
random wind distribution. When all winds are considered perpendicular to the 
façade, both catch ratios suggested here still cover over 95% of the surface for 
both zones. The values were calculated for a horizontal rainfall intensity of 
1mm/h, but when looking at extreme combinations of wind and rain for 
watertightness tests, the rainfall intensities are typically higher. According to 
Blocken and Carmeliet [130], catch ratio’s for 1mm/h intensities generally 
provide a conservative approach, but for some other configurations higher catch 
ratios are found for higher rainfall intensities [115, 116, 130].  
Due to the definition of the WDR coefficient (with WDR exponent set to 0.88), 
WDR coefficients derived from CFD simulations show a rising trend for higher 
rainfall intensities, whereas such a trend was not evident for the catch ratio [115-
118, 130]. On the contrary, the catch ratio typically shows a slight downward 
trend for increasing horizontal rainfall intensity. The increase in WDR 
coefficient can be understood as a compensation for the effect of the WDR 
exponent having a value of 0.88. Consequently, one can question the validity of 
the WDR exponent in equation 2.16 [116, 130].  
The calculation of peak values for different projects and reference buildings 
should ideally be done with CFD, but these models are currently not widely 
used. Perhaps an evident choice for calculating peak values of WDR is through 
the use of a semi-empirical model. Assuming linear proportionality of the WDR 
with wind speed and horizontal rainfall intensity (omitting the WDR exponent), 
adopting a fixed catch ratio of 1.3 (ih=1mm/h and v10= 10m/s ) for the corner 
zones and disregarding directionality, formula 2.16 can be rewritten as follows:  
          ( )       (2.20) 
Whereas for the center zone, the WDR load can be calculated as: 
          ( )       (2.21) 
As a conservative approach, the height of the building is adopted for WDR 
calculation for both corner and center zones. It should be remembered that the 
catch ratios are based on a conservative value of the catch ratio which renders 
them inappropriate to calculate WDR intensities for horizontal rainfall intensities 
below 1mm/h. This has no effect on the analysis presented here, but should not 
be applied when analyzing more moderate effects. 
Combining equations 2.8, 2.15 and 2.20 allows to calculate the Wind driven rain 
intensity for varying durations and return periods, see figure 2.9. This approach 
assumes that peak rainfall intensities coincide with peak wind speeds. No 
differentiation was made between Belgium and the Netherlands: the same 
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reference wind speed of 27m/s was used, and for rainfall intensity no information 
was available for Belgium. 
 
Figure 2.9 Analytical calculation of Wind driven rain intensity for varying durations and 
return periods. 
2.3 Weather data analysis of local climate in 
Belgium and the Netherlands 
2.3.1 Local climate 
Two datasets with 10-minute values were used to demonstrate the approach 
described in the previous section. Equations 2.8, 2.15, 2.19 and 2.20 allow 
calculating WDR intensities and DRWP for actual weather data. In order to 
assess the probability of extreme events, the distribution of wind, rain, Wind 
driven rain and driving rain wind pressure was analyzed for two datasets as 
presented in this section: one from the Royal Meteorological Institute (RMI) for 
Uccle, Belgium (referred to as RMI dataset), and one for Cabauw, the 
Netherlands [131] (referred to as RNMI dataset). The Uccle data were available 
for the period 01/01/2000 - 01/01/2010, and the wind speed was measured at a 
height of 30m. Based on the formulas in the Eurocode, the wind speed was 
converted to the wind speed at 10m height for a terrain roughness of 0.05m. 
Coarse data on the local terrain roughness [132] was used for conversion; in the 
extreme case the actual roughness length would differ a full class (0.3m instead 
of 1m) and the wind speed would systematically be underestimated by 8%.  
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The RNMI has published a range of different meteorological datasets for the 
Cabauw experimental site for atmospheric research (CESAR) [131]; data used 
here covers the period of 10 years, ranging between 01/05/2000 and 31/05/2010. 
No wind-speed conversion was necessary for this data set: the reported 10m 
wind speed was measured over a site with an average roughness close to 0.05m 
[133]. Both datasets have been validated by the RMI and RNMI respectively and 
given the distance between the weather stations there was no need to complete a 
homogeneity test between data sets. 
Like most regions of North-western Europe, Belgium and the Netherlands have a 
maritime temperate climate: it is rainy, humid and cloudy, and winters are mild, 
the summers cool (Köppen-Geiger classification Cfb). The measurements 
provided did not differentiate in the type of precipitation, so there is an error in 
the analysis for the days with snow (15 on average), and hail (no statistical data 
available, but rare). Belgium and the Netherlands are often influenced by strong 
Atlantic low-pressure systems that cause gales and thunderstorms. Convective 
thunderstorms do occur in Belgium, but there is no system to identify squalls and 
whirlwinds or measure the variables that determine instability anomalies, and 
there is no network of storm-spotters. Consequently it is unclear to what degree 
analysis of extreme wind speeds is affected or even dominated by convective 
storms [134]. Brisson et al. [135] on the other hand, developed a methodology 
that allows analysis based on indirect parameters. In total, 11 types of synoptic 
weather circulation were found for Belgium, and it was concluded that the 
extreme precipitation was mainly caused by cyclonic circulation (i.e. gales and 
thunderstorms). Convective storms are of particular interest to extreme Wind 
driven rain events because these may lead to severe Wind driven rain intensities. 
Cyclonic activity and the resulting convective storms mostly occur in summer 
when cold air is advected over the warmer land mass and as a consequence 
becomes unstable. Although hail is relatively rare, it should be noted that it 
typically also occurs in summer during convective circulation activity [136]. 
Furthermore, the occurrence of convective storms is important for the extreme 
value analysis (EVA) of climate data: when specific weather systems dominate 
extreme events, the selection of cut-off values for extremes becomes important. 
Some data on the occurrence of convective storms in the Netherlands have been 
reported [137], but these indicate there is insufficient information to render 
guidelines to appreciate the effect on extreme value analysis of extreme wind 
speeds.  
2.3.2 Wind  
Given the limited time span of both data sets, the peak over threshold (POT) 
method is preferred over block maxima for defining extreme events, as it uses 
the data in a more efficient way [138]. A distribution fit to the extremes of a 
population with parent F(x) can be understood as the conditional excess 
distribution function Fu(y), where u is the threshold or cut-off value, and y=x-u. 
The cumulative distribution can be written in terms of x: 
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The extreme value theory refers to the probability of extreme events, and the 
sample group of extreme values should thus be representative of separate events. 
Based on the results of a Fourier analysis of peak events, it was determined that 
individual extreme events should be separated by at least 6 hours to be 
considered unique, separate events. A range of different distributions was then 
fitted to the subset of extremes above the threshold value: GEV, Generalized 
Pareto Distribution (GPD) and Gumbel.  
According to the Pickands-Balkema-de Haan theorem, the conditional excess 
distribution function Fu(y) for a large class of underlying distribution functions F 
and high threshold u can be well approximated by a two-parameter Generalized 
Pareto Distribution. If x is the variable of the parent distribution, the GPD can be 
written as: 
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The location parameter is thus set to the cut-off value, so as a function of x this 
yields: 
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F(u) can be estimated as (n-Nu)/n where Nu is the total number of observations 
above the cut-off value n. Substitution of equation 2.25 in equation 2.22 and 
inversion yields: 
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Thus 
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The return period of a specific value xi of the GPD distribution is T(xi). The 
probability that xi will be exceeded is E(xi). Consequently, E(xi) = 1 – F(xi). The 
return period T(xi) is reciprocal to E(xi), so T(xi) = 1 / E(xi) = 1 / (1 - F(xi)), and 
F(xi) = 1 – (1/ T(xi)).  If nyear is the number of measurements in one year (-), and 
T(xi) the return period (years), the predicted extreme value for different return 
periods can be calculated as follows: 
36  CHAPTER 2  
    
 
 
((
  
    
       
 )
  
  )   (2.28) 
In a similar way, the extreme value can be calculated with a GEV distribution: 
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and a Gumbel distribution: 
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Table 2.4 shows the GOF for these distribution functions for the wind speed in 
the RNMI dataset. For the A-D test, the test statistic is shown, whereas for the K-
S test and the χ² test, the significance level of the null-hypothesis is reported in 
the table. In table 2.4, the value for the reference distribution test statistic 
criterion for those distributions that have a significance level below 0.2 is 
crossed out. Based on the GOF tests and Q-Q plots, a rough estimate was made 
of the overall rank of each distribution, considering the reliability and sensitivity 
of each GOF criterion (between brackets the rank for the RMI dataset is 
reported). For the RNMI data the GPD is by far the better distribution, regardless 
of the number of extremes. The Gumbel distribution seems unreliable at the tails 
(high A-D statistic), but visual analysis of Q-Q plots shows this is caused by 
poor fitting at the threshold value. Moreover, the low K-S significance level is 
also generated by the probability difference between empirical CDF and the 
fitted CDF at the threshold. Concluding, all three GOF evaluation methods are 
prone to distortion due to local effects; careful consideration is required and 
additional visual analysis was indispensable in determining that the GPD is the 
better distribution in fitting wind speed data. 
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Table 2.4 GOF statistics for the distribution functions fitted to the 10-minute averaged 
wind speed for the RNMI dataset based on 10, 50, 100 and 1000 extreme values. 
RNMI K-S A-D χ² Rank 
10 events 
GEV 0,988 0,198 0,824 2 (1) 
GPD 0,996 0,201 0,822 1 (2) 
GUM 0,947 0,298 X 3 (3) 
50 events 
GEV 0,239 0,828 0,833 2 (1) 
GPD 0,648 0,418 0,340 1 (3) 
GUM 0,244 1,378 0,472 3 (2) 
100 events 
GEV 0,191 1,496 0,114 - (2) 
GPD 0,646 0,754 0,454 1 (1) 
GUM 0,001 4,028 0,142 - (3) 
1000 events 
GEV 0,016 4,637 0,006 - (-) 
GPD 0,631 51,200 X 1 (1) 
GUM 0,000 13,925 0 - (-) 
 
Due to the sensitivity of the GOF to sample size, the robustness of GEV, GPD 
and Gumbel distributions to predict an extreme wind speed for varying sample 
size was evaluated. However, the probability density functions of wind speeds 
and rainfall intensities can yield distributions with several local maxima 
depending on the type of weather system. Whether this effect would be 
eliminated given a larger sample size to that which was available due to the 
central limit theory, depends on the number, occurrence and variance of the 
weather systems that render extreme values. When more extreme events from a 
single database are considered, the relative impact of specific weather systems 
with different distributions can shift, in turn affecting the type and shape of the 
distribution fitted to the subset of extreme events. 
Figure 2.10 shows the predicted wind speed for a 10-year return period as a 
function of the sample size for the RNMI dataset, for different fitting algorithms. 
The dotted lines indicate the confidence interval for the predicted value with the 
inverse cumulative distribution based on the 95%-confidence estimates for the 
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distribution parameters. Firstly, it should be noted that all distributions tend to 
converge to similar values for decreasing sample size, which lies close to the 
empirical value. The RNMI results clearly indicate that the GPD and Gumbel 
distribution provide a much more robust tool for calculating extreme values as 
compared to that given with the GEV. For both datasets the prediction from the 
Gumbel distribution shows a slight increase for decreasing sample size, whereas 
the predicted value by GEV distribution is very sensitive to the sample size. 
Furthermore, the Gumbel distribution has the smallest confidence interval, 
followed by that of the GPD and GEV. Due to increasing sample size the relative 
weight of the high end tail decreases, and consequently the error on the 
prediction increases. Furthermore, Van de Vyver and Delcloo [139] advocate the 
use of the Pareto distribution for Belgium, and found a shape factor between 3.8 
and 4.2 for different locations in Belgium. The shape factor for the RMI data 
varied from 3.2 to 4.0 for changing threshold. A more detailed analysis shows 
that for both datasets there is a shift of the shape parameter of the GEV 
distribution between 30 and 50 extreme events, perhaps due to the effect of 
convective storms. Consequently, assuming that these dominant systems will 
determine the extreme values, the cutoff value should be chosen in the region 
corresponding with 30 to 50 extreme events. 
 
Figure 2.10 Predicted wind speed for 10 year return period with GEV, GPD and Gumbel 
distributions. Preferential fitting algorithms (solid lines) show significant differences with 
alternative methods (dashed lines).  
There are different ways to fit the distributions to the empirical CDF, such as 
Method of Moments (MM), Probability-Weighted Moments (PWM), Maximum 
Likelihood (ML) and Least Squares (LS). Summarizing an overview of Monte-
Carlo studies comparing various fitting methods [140], the use of the PWM 
method is advocated for the GEV, whereas the ML method is best fit for Gumbel 
distributions. Evaluating conflicting conclusions for the use of the GPD as 
described in literature [141-143], the MM seems to be the better parameter 
estimator. Figure 2.10 shows the estimated wind speed calculated with the 
preferential parameter estimator (solid lines) and an alternative estimator (dashed 
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lines). The difference for the GPD and Gumbel distribution is limited, whereas 
the GEV distribution is strongly affected by the parameter estimator. The 
sensitivity of extrapolating extreme wind speeds based on EVA towards the 
fitting method was confirmed by Harris [144], who proposed the Modified 
Independent Storm method, which is based on weighted least-squares fitting. 
This method was not evaluated, because (i) the time span of the database is too 
small, (ii) the uniformity of the rate of occurrence of storms did not meet the 
criteria [54] (both databases showed large variances and values above 5 in the 
annual rate of occurrence of storms with the proposed low pass filter in [54]).  
Subsequently, the stability of extrapolation to a range of return periods outside 
the period covered by the database was evaluated (figure 2.11 shows the 
extrapolation for the RMI dataset). The Gumbel distribution is very consistent in 
predicting extreme values for sample group sizes between 5 and 75 values, 
whereas both GEV and GPD show a much wider range of predicted values 
depending on the number of extreme values considered (extrapolation reported 
here for 10, 20 and 30 values). The black line in figure 2.11 refers to the 
probability function comprised in equation 2.8 from the Eurocode, extrapolated 
here based on the average of the 10-year predictions.  
 
 
Figure 2.11. Predicted extreme 10-minute wind speed calculated for 3 distributions, 
based on 10, 20, 30 and 1000 POT values. 
The choice of a specific distribution function to extrapolate wind speeds for a 
range of return periods is not self-evident. The Gumbel distribution is often used 
in literature, and it is even argued that for mixed climates extreme winds 
originating from different weather systems each follow a Gumbel distribution 
[145]. Wieringa and Rijkoort [146] found poor fitting of Gumbel distributions to 
extreme wind speeds in the Netherlands, and they questioned the validity of 
imposing a Gumbel distribution to the data as ‘purely mathematical forcing’. 
However, based on literature, the GOF, visual evaluation of the fit, prediction 
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stability for both datasets and comparison with the Eurocode, the Gumbel 
distribution appears to be the preferential type of distribution to analyze extreme 
wind speeds.  
2.3.3 Rain 
The probability distribution of the 10-minute averaged horizontal rainfall 
intensity was also analyzed for the RMI and RNMI datasets. Based on a first 
fitting sequence, 3 distributions were selected: GEV, GPD and Weibull. The data 
were fitted with the preferential algorithms as indicated for the wind analysis, the 
Weibull distribution was fitted based on Maximum Likelihood. Only separate 
events were considered for the EVA. For the RNMI data, the A-D test statistic is 
remarkably high for all distributions, whereas the other two statistics provide a 
good significance level. In the dataset there is one extremely high value of 
172mm/h, which corresponds to a return period of about 250 years [147]. The 
distributions were first fitted to the original database, but then the outlier was 
excluded (henceforth referred to as reduced) and the fitting was repeated. In both 
cases the predicted values by GEV distribution are again very sensitive to the 
sample size, and the good fit of the GPD results in the most stable prediction. As 
could be expected, predicted extreme values increasingly diverge for decreasing 
sample size. Consequently, the extrapolation towards longer return periods is 
highly sensitive to the effect of outliers. In figure 2.12 is shown the extrapolated 
values for GEV, GPD and Weibull distribution for the original and the reduced 
RNMI dataset. Also note the limited spread of predicted values for a return 
period of 50 years with the 3 distributions for the reduced dataset. Equation 2.15 
is also shown on the graph, which confirms the estimated values for longer 
return periods. The sensitivity to sample size is even greater as compared to that 
evident from the wind speed analysis, which in turn affects the reliability of 
results when extrapolating to longer return periods. Extrapolation based on 10 
values provided the best fit, distributions fitted to 20 values yielded significant 
differences (as shown in figure 2.12), and extrapolated results from fitting to 30 
values was found to provide very unreliable results. When more than 15 values 
are considered, the GEV and lognormal distributions show a shift in skewness, 
which again could indicate the effect of convective storms dominating the values 
for extreme rainfall intensity. Consider that rain is not always present during 
convective storms, which explains the difference in number of extremes to 
define the cut-off value for wind and rain analysis.  
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Figure 2.12 Predicted horizontal rainfall intensities based on 10, 20 and 30 values for the 
original and the reduced RNMI dataset. 
Based on both datasets, the GPD shows the best fit and yields the smallest 
interval for the extrapolated rainfall intensities. Furthermore, it is least affected 
by the sample size as compared to the other distributions. Consequently, extreme 
rainfall intensities can be calculated based on the GDP fitted to 10 extreme 
values. The use of the GPD for extreme rainfall intensities is also advocated in 
literature [148].  
2.3.4 Driving Rain Wind Pressure and Wind driven rain 
Previous analysis considered wind and rain as separate events, whereas the 
methodology by Cornick and Lacasse, based on DRWP and WDR, implicitly 
considers co-occurrence to some extent. Based on equations 2.8 and 2.20, wind 
pressures during rain and the WDR intensity were calculated for a corner zone 
on a 10m building in open terrain. For the RMI data, the preferred distribution 
for DRWP shifts from Gumbel to GPD and GEV for sample sizes above 30, but 
up to 100 values the significance levels lie above 0.2 for the Gumbel distribution. 
For the WDR, the GPD always provides a better fit, and the significance level 
for the Gumbel distribution is reduced to below 0.2 for sample sizes above 30. 
Note that here POT was applied (contrary to the use of block-maxima by 
Cornick and Lacasse). For the RNMI data both DRWP and WDR show better fit 
to the GEV and the GPD irrespective of sample size, and the significance level 
for Gumbel distribution remains above 0.2 up to 30 values. Consequently, for 
DRWP the Gumbel distribution was used, whereas for WDR the GPD was used. 
Note that contrary to that determined from an EVA of wind and rain, no clear 
threshold value was found for which the skewness of distributions showed strong 
change indicating a shift in synoptic weather system. Figures 2.13 (a) and 2.13 
(b) show the likelihood as a function of DRWP and WDR (extrapolation based 
on 30 values). The difference in morphology between both figures is generated 
by skewness and correlation of WDR and DRWP in the datasets (please refer to 
chapter 3 for elaboration on co-occurrence). 
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Figure 2.13. Likelihood for WDR and DRWP for the RMI (a) and RNMI (b) datasets. 
Remarkably, this methodology yields higher WDR for the RMI as compared to 
the RNMI data set. The RNMI data set contains higher peak WDR values, but 
(a) 
(b) 
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regardless of the number of extremes considered (10, 20, 30, 50, 100), the 
distribution within the sample causes higher estimates of WDR for the RMI 
database. The scales on the X and Y-axis refer to values with return periods 
between 5 and 50 years. The intersection of the X-axis and Y-axis thus 
corresponds to a likelihood of (1/5years)*(1/5years)=0.04; combining two return 
periods of 5 years yields a return period of 25 years. 
2.4 Existing watertightness test protocols 
Existing watertightness test methods can be categorized into four distinct classes: 
static, cyclic, dynamic, and wind tunnel testing. The first three test 
methodologies provided in standards use a similar approach: wind and rain are 
decoupled and treated independently. Wind effects are represented by pressure 
differences generated by a fan, and rain is provided by means of a water spray 
system in front of the test specimen. Conversely, in the fourth test method, which 
is based on an integrated approach in a wind tunnel, water is not sprayed directly 
on the test specimen itself contrary to that presented in the previous test methods. 
In this instance, rain drops are released in the air stream that flows over the test 
element to simulate raindrop trajectories. 
An extensive overview of static, cyclic and dynamic watertightness test 
standards was presented by Sahal and Lacasse [19], where the test conditions of 
14 test methods were discussed elaborately. These standards typically prescribe a 
uniform static water spray rate: 2.0L/min.m² in Europe; and 3.4L/min.m² in 
North America. 
2.4.1 Static pressure methods 
Most static watertightness test standards require a static pressure difference for a 
period of time (in the range 5 to 15 minutes), which is stepwise augmented to 
assess the performance level of a component (e.g. EN 1027 [149] – see figure 
2.14; CWCT [150]). Classification is done based on the pressure difference 
achieved without water ingress, and the classes typically correspond to a 
pressure difference in the range 0 to 1200Pa. The required level of performance 
for a component in a specific building is typically incorporated in National 
guidelines for each country, as described in section 2.1. It should be noted that 
some tests (e.g. E514 [151]) require only one pressure difference level 
throughout the entire test, and only allow a pass-fail evaluation.  
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Figure 2.14 Pressure differences according to EN 1027:2000 static test protocol. 
2.4.2 Cyclic pressure methods 
Test standards in which cyclic tests are prescribed within the test protocol are 
undertaken by subjecting the test specimen to rapid pressure pulses; the pressure 
fluctuation of these pulses is typically either a rectangular function or a sine-
wave function. The duration of one pulse varies depending on that given in the 
standard (range 2s – 15s) and these pulses are repeated for a period of 10 minutes 
[152-154]. The pressure levels and their corresponding lower and upper limits of 
pressure for a pulse are also provided in the standards. A lower limit of zero is 
only set in EN 12865 [152] (figure 2.15). A practical advantage of a zero value 
for the lower limit is that this simplifies the test apparatus. On the other hand, EN 
12865 is also the only standard that incorporates a stepwise approach for 
performance assessment, similar to most static test standards. The applied range 
of upper limit pressure differences is similar to those of the static tests. 
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Figure 2.15 Cyclical testing according to EN 12865:2001 with 5 s pulses. 
2.4.3 Dynamic pressure methods 
Contrary to the cyclic tests where the pressure fluctuation is carefully prescribed, 
the dynamic test protocols use an axial flow fan, installed close enough to the 
test specimen to generate a turbulent flow field. In AAMA 501.1 [155] standard 
is described a test setup using a standard water spray rack, but with a fan up to 
4.1m diameter such as that from an aircraft propeller (figure 2.16). The standard 
describes a calibration protocol to measure the peak gust wind velocities at the 
surface of the specimen, corresponding to industry standard test pressures in the 
range 300 – 720Pa. In ENV 13050 [156] a combination of cyclical testing (5s 
pulses) is specified and an axial fan in a 600mm diameter rigid duct that is 
moved upwards along the sample (figure 2.17). Furthermore, rain is simulated by 
a single spray nozzle on top of the axial fan. Only one publication was found on 
standardized dynamic testing, which does not allow concluding whether the 
AAMA 501.1 test with aero-engine is sufficiently reproducible or representative 
of actual pressure fluctuations at façades. Maerker [125] used a large fan to 
generate pressures on a test specimen, but was able to introduce water drops in 
the air stream which caused a droplet impact pattern that was similar to that 
found during natural rainfall. 
46  CHAPTER 2  
            
Figure 2.16 AAMA 501.1 test  Figure 2.17 ENV 13050 
2.4.4 Wind tunnel testing 
The fourth type of testing is basically designed for roof coverings of pitched 
roofs, but the methodology can be applied to any building component. In FprEN 
15601 [157] a test protocol is described where the interior side of the specimen is 
depressurized, with a fan system capable of generating a horizontal or inclined 
wind flow over the test specimen. Contrary to the other test standards, here water 
droplets are introduced into a high velocity air stream far enough from the test 
specimen to allow the droplets to achieve the required velocity prior to 
deposition onto the test specimen. Consequently this test method provides the 
most realistic effect of the actual weather conditions that may act over a wall or 
roof element. A test sequence consists of sub-tests, which represent different 
types of weather conditions (e.g. low wind speed with high rainfall rate). Note 
that the standard provides 5 examples of different test configurations for the 
same test, and it is stated explicitly that the test results depend on the specific test 
setup. Finally, the document FprEN 15601 has the status of technical document: 
the final vote of the draft was not successful because of the implicit low 
reproducibility of the test results. 
2.5 Boundary conditions for watertightness 
testing 
The most straightforward approach to define boundary conditions for 
watertightness testing is based on the analytical calculation of peak wind speeds 
and rainfall intensities. Both Uccle in Belgium and Cabauw in the Netherlands 
are located in a region with a reference wind speed of 27m/s for a return period 
of 50 years [146, 158]. Using equations 2.8, 2.15, 2.19 and 2.20, the 10-minute 
mean pressure and WDR is calculated for return periods 5, 10, 15, 20, 25, 30, 40 
and 50 years. Combining the corresponding values allows calculating a set of 
wind pressures and WDR values for each return period, indicated by the black 
line and circles in figure 2.18. The wind pressures are identical for both 
locations, whereas for rainfall intensity, only tabulated values for the 
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Netherlands were found.  Similarly, wind speeds and rainfall intensities derived 
from the EVA of the datasets also yield pressure – WDR combinations for these 
return periods, as indicated by solid blue and red lines for the RNMI and RMI 
database respectively. Both the analytical calculation and values derived from 
EVA on the datasets omit co-occurrence of rain and wind, and combining 
separate values for the same return period implicitly assumes that the peak 
horizontal rainfall intensity will coincide with the highest wind speed for that 
period. The EVA on the RNMI data strongly resembled the reference values 
found in literature, which is confirmed here by the similarity of the analytical 
and RNMI EVA boundary conditions. The discrepancy with the RMI data is 
partly caused by lower rainfall intensities, but mainly due to much lower wind 
speeds recorded at Uccle.  
 
Figure 2.18. Boundary conditions for watertightness testing: analytical calculation, EVA 
of rain and wind, EVA according to Cornick and Lacasse, and test conditions for the 
United States and France. 
The methodology of Cornick and Lacasse renders a range of wind pressures and 
WDR intensities, with corresponding likelihoods for each combination. Contrary 
to the previous methods, co-occurrence of rain is partly accounted for by 
analyzing WDR values instead of rainfall intensities, and by excluding wind 
speeds during dry periods. WDR and DRWP are assumed uncorrelated, and the 
return period is then calculated as the product of the respective return periods. 
Based on return periods of 5 to 50 years for the separate data, boundary 
conditions were calculated for a return period of 25 years (solid blue and red 
point), 50, 100 and 200 years (consecutive dotted lines). Evidently, the range of 
combinations will be wider if one considers shorter return periods. Note that the 
reliability of extreme values for short return periods is affected to a large extent 
by the threshold value used for the EVA, which may require combining the 
parent distribution with EVA for both parameters. 
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The methodology of Cornick and Lacasse clearly yields much lower pressures 
and WDR intensities by considering the co-occurrence. Although the difference 
in wind speed between both locations is clearly visible, higher wind speeds do 
not necessarily lead to higher WDR intensities. Apparently a comparable range 
of WDR intensities is found for both locations; this could be interpreted as 
higher rainfall intensities in Uccle combined with lower wind speeds, whereas 
low rainfall coincides with high wind speeds in Cabauw. However, the opposite 
might be true. The range of wind pressures may be defined by very low rainfall 
intensities, which do not affect the EVA of the WDR intensities. Similarly, it is 
possible that the WDR intensities are generated by events with wind speeds 
below those defining the test pressures. Consequently, the dotted lines in figure 
2.18 might in reality be a hyperbola (negative correlation of extremes), or in the 
opposite case the hypotenuse should be reflected around its middle (positive 
correlation, similar to the analytical and EVA calculation). Cornick and Lacasse 
already indicated that the assumption of statistical independence of DRWP and 
WDR is critical and may have a significant influence. 
Figure 2.18 also shows the boundary conditions for watertightness tests typically 
used in the United States [21] and France [24]. These have a fixed water spray 
rate and a range of performance levels is defined based on varying pressure 
differences, as shown in figure 2.18. All boundary conditions were calculated 
based on 10-minute mean values for a 10m building in open terrain. The 
corresponding required performance levels for both standards are indicated with 
solid circles. Note that these conditions are only applied for a 5-minute period 
during the test sequence. Even for this shorter averaging period the pressure 
differences are lower compared to all calculated values, whereas the water spray 
rate is significantly higher than the values derived from EVA on co-occurring 
rain and wind. 
2.6 Conclusions & discussion 
Up to now, there has not been any solid scientific basis to establish boundary 
conditions for watertightness testing; building components subjected to similar 
weathering conditions are set very diverging requirements depending on local 
standards and codes. Based on two weather datasets, test conditions were 
calculated using analytical formulas, EVA of rain and wind, and EVA of DRWP 
and WDR. For this, the quasi-steady state approach in the Eurocode was 
extended with the gust model by Cook to allow wind speed calculations for 
varying averaging periods. Furthermore, a simple IDF equation for rainfall 
intensity was developed; the power function that shows a decrease for the 
Linsley exponent as a function of return period is made superfluous by assuming 
a fixed shape factor for the GEV that describes the hourly rainfall intensity. 
Inherent errors in common semi-empirical models were highlighted and 
demonstrated. Based on recent advances in CFD research, an adapted semi-
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empirical model was suggested to calculate peak WDR intensities on buildings 
based on catch ratios, omitting the WDR exponent.  
Based on EVA of wind and rain data, the sensitivity to fitting algorithms, the 
reliability of GOF tests and selection of threshold values was evaluated. The 
application of different fitting algorithms, often embedded indistinctly within 
mathematical software programs, can have a significant effect on the estimated 
parameters, and in addition, the three GOF evaluation methods considered were 
found prone to distortion due to local effects. The POT method is considered 
superior over block maxima, but for the POT method, the choice of the threshold 
value needs careful consideration. In this respect, the occurrence of convective 
storms defines an important boundary that might cause a shift in shape 
parameters, undermining the reliability of extrapolated values. Calculated 
boundary conditions for watertightness test were compared, which indicates that 
the co-occurrence of rain and wind is a major concern when establishing test 
conditions. Although the state-of-the-art methodology to a certain extent takes 
this into account, the significance of diverse implicit uncertainties and 
shortcomings was demonstrated.  
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3 
Watertightness test parameters based 
on Pareto front analysis 
3. WATERTIGHTNESS TEST PARAMETERS BASED ON PARETO FRONT 
ANALYSIS 
 
A critical review on boundary conditions for watertightness testing was 
presented in chapter 2. Existing methodologies to establish test conditions only 
partially consider co-occurrence of rain and wind, which yields large 
uncertainties when determining return periods for extreme wind-driven rain 
events. In this chapter a new approach is presented that is based on a Pareto 
fronts method for which Wind driven rain intensities and wind pressures are 
derived. Straight lines can be fitted through consecutive fronts, and a generalised 
Pareto distribution is this developed that describes the corresponding 
probabilities of occurrence of wind-driven rain events. Assumptions in the use of 
the methods are given and constraints to its use provided by means of case-
studies. Advantages over existing methods for estimating watertightness test 
parameters are highlighted. Test conditions can be calculated for various 
configurations and different averaging periods depending on the failure 
behaviour of specific building envelope components. Subsequently, it is shown 
that the conversion of case-based test conditions to generic test protocols and 
performance levels requires careful consideration. Finally, practical guidelines 
on defining realistic watertightness performance levels for building envelope 
components are provided. A summary of this chapter was submitted as paper to 
Building and Environment, and has been accepted for publication. 
 
“A science is any discipline in which 
the fool of this generation can go 
beyond the point reached by the genius 
of the last generation.“ 
Max Gluckman 
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3.1 Introduction 
In chapter 2 an overview of methodologies to calculate boundary conditions for 
watertightness testing was presented, and a new approach to calculate WDR 
intensity and wind pressure was proposed. It was shown that large discrepancies 
in test pressures across and water deposition rates onto wall specimens were 
evident in comparison with those of existing test protocols, and there is an 
evident need for a reliable method that takes into account the co-occurrence of 
rain and wind.  
Existing watertightness test methods can be categorized into four distinct classes: 
static, cyclic, dynamic, and wind tunnel testing (please refer to chapter 2). The 
different test methods are listed according to their supposed ability to produce 
realistic wind effects and turbulence that relate to actual extreme weather 
conditions. Although interesting and very promising research on new dynamic 
test methods has been published [159-161], these typically focus on hurricane 
risk mitigation, and it remains to be determined whether these test methodologies 
are too complex to be viable for routine testing of building components. 
However, a higher degree of complexity for testing in turn brings about an 
increase in the cost of testing, and perhaps the repeatability and reproducibility 
of test conditions are likewise problematic. At present, the most practical and 
efficient test method that could incorporate realistic boundary conditions is 
perhaps a combination of static and cyclic testing. Both introduce a different 
kind of performance requirement for the test specimen and might induce 
different types of failure. The test conditions for static and cyclical testing are 
currently insufficiently documented in relation to meteorological conditions; as a 
result, this has tended to induce arbitrary choices in respect to the required 
performance levels in watertightness testing (please refer to chapter 2).  
Although pressure difference is typically considered the dominant parameter for 
watertightness testing, the WDR intensity also affects the performance of 
building components. The most straightforward hypothesis to explain the 
balance between pressure difference and WDR intensity as primary parameters is 
based on capillary pressure in deficiencies of the building component, and the 
surface tension of water on the interior side of the deficiency [41]. Depending on 
the type of deficiencies, channels and cracks in the materials, capillary pressure 
and surface tension may introduce a pressure threshold that blocks any water to 
enter into the construction under conditions below that pressure. Once that 
threshold is reached, continuous water ingress will occur. If the capillary 
pressure and the required force to breach the meniscus on the interior side of the 
deficiency are very low (as might be the case for large deficiencies), the amount 
of water flowing through that opening will depend largely on the continuous 
supply of water at the exterior plane. As a first approach, one could assume that 
face-sealed materials will have very small cracks, if any, and consequently 
pressure difference is the main parameter for testing. On the other hand, if one 
looks at drained pressure moderated façade systems, high WDR intensities might 
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be the primary focus when assessing the drainage capacity of the system [162]. 
In reality, every system will conceptually function somewhere in between the 
boundaries defined by the extreme situations described above. Furthermore, in 
some cases significant time effects are introduced by means of absorption [163], 
relaxation of gaskets [164] or water buffering capacity [164], which highlights 
the relevance of applying different averaging periods and cyclical testing to 
different components. Obviously, high frequencies that relate to short periods are 
potentially accompanied by high wind loads and high WDR intensities due to 
small averaging periods. The longer the period, the more moderate the boundary 
test conditions should be. Ideally, a test sequence should cover the entire range 
of frequencies of the wind spectrum, but this is not practically feasible for full-
scale components. Consequently, a limited number of frequencies should be 
selected for the test protocol. These frequencies could correspond to, e.g., 3 
second, 1 minute, 10 minutes, 1 hour and 12 hours, depending on the type of 
failure mechanisms of the specific component. Once the typical behavior of a 
component is determined, a more narrow range of frequencies can be selected to 
subject the product to appropriate test conditions. In absence of specific 
information on failure behaviour, separate test protocols might be developed for 
face sealed wall systems, drained systems and mass buffering systems. However, 
there is currently insufficient published data on failure mechanisms (taking into 
account sensitivity to WDR intensity, DRWP as well as different frequencies) 
over the range of different building components to permit the development of 
generic test protocols. 
Concluding, a reliable test protocol for watertightness testing should address 
different failure mechanisms by means of static and cyclical testing, based on 
peak WDR intensity, peak wind pressure and intermediate values derived from 
actual weather conditions. The second section of this chapter provides an 
overview of research on co-occurrence of rain and wind, and evaluates the use of 
a Pearson correlation coefficient and Fourier analysis in this respect. The third 
section presents the methodology to define boundary conditions based on Pareto 
front analysis, which is then demonstrated for two case-studies. The fourth 
section then elaborates on the conversion to generic test protocols and renders 
guidelines on turbulence assumptions, test sequence and return periods. Finally, 
the fifth section discusses the importance of runoff in tests. Note that a number 
of important aspects in watertightness testing are not discussed here, such as the 
selection and preparation of samples, construction tolerances and the selection of 
spray nozzles. 
3.2 Co-occurrence of rain and wind 
As the WDR intensity is a function of wind velocity and horizontal rainfall 
intensity, its value will depend on the co-occurrence of wind and rain. If WDR is 
calculated using peak wind velocities with peak rainfall intensities, it is 
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implicitly assumed that these extreme events will happen simultaneously and as 
such will probably overestimate the WDR intensity.   
3.2.1 Literature 
In order to calculate the WDR on a building facade the co-occurrence of wind 
and rain was analyzed by Choi [165], but only an annual value was calculated 
based on hourly values, which is not appropriate for calculating peak values of 
WDR. Hourly values of wind speeds and rainfall intensities in Kansas showed 
little correlation [166], whereas a significant increase in wind speeds during rain 
events was found for the UK and Canada [167, 168]. The limited literature on 
peak wind velocities during rain events indicates that these range from 5 up to 
30% lower as compared to peak wind velocities for all hours [169, 170], which 
reduces the corresponding range of peak pressure loads by 10 to 51%. It is even 
more unlikely that the highest rainfall intensities coincide with the highest peak 
wind loads. Rain events are typically accompanied by higher average wind 
speeds, but lower extreme wind speeds occur during wet hours as compared to 
all hours in which wind is recorded. A conservative interpretation of the report 
by Murakami et al. [171] leads to the following reduction factors: 25% reduction 
on peak wind speeds for rainfall intensities above 21mm/h, and 50% reduction in 
wind speeds for rainfall intensities above 51mm/h. Measurements were only 
done in the Japanese coastal regions, but similar results were reported for 
Sydney, Australia [172].  
3.2.2 Pearson correlation coefficient 
Cornick and Lacasse [33] found a poor correlation for rain and wind during rain 
(Pearson’s coefficient ranging 0.04-0.13) for five locations in the US, and a weak 
positive correlation between WDR and DRWP (Pearson’s coefficient ranged 
from 0.32 to 0.55). Based on the publications reported above on co-occurrence of 
wind and rain, a negative correlation coefficient would thus be expected. 
However, simulations show that uncorrelated rain and wind data would provide 
for a value of the Pearson correlation coefficient ranging between 0.6 and 0.7 for 
WDR and DRWP (1000 Monte-Carlo runs with varying random number 
generators). This is because equation 2.20 to calculate WDR is function of the 
wind speed, which in turn determines the DRWP. Consequently, WDR and 
DRWP are correlated by definition. This approach was also adopted to evaluate 
the co-occurrence of wind and rain effects in the two datasets of 10 years of 10-
minute values described in chapter 2. The rain and wind during rain showed no 
correlation (i.e. values of 0.05 and -0.02 for the RNMI and RMI datasets 
respectively); the Pearson correlation coefficient for WDR and DRWP was 0.21 
and 0.23. Based on the Monte-Carlo analysis, thus comparing to the reference 
values 0.6 – 0.7, this would imply there is a negative correlation for rain and 
wind during rain. The WDR calculation implicitly assigns a weight function to 
the rain which affects the correlation coefficient. This effect becomes even more 
explicit when only the extreme values are considered (see table 1). For the 10 
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most extreme events (5 highest wind speeds / 5 highest rainfall intensities or 
WDR) the correlation coefficient is about -1, and rises towards -0.5 for 1000 
extreme events. Consequently, there is no clear correlation between rain and 
wind, but for the extreme events there is a distinct negative correlation.  
Table 3.1. Correlation coefficient for extreme rain and wind events in the RMI and RNMI 
databases. 
Correlation coefficient RNMI RMI 
Extreme events 10 100 1000 10 100 1000 
wind and rain -0,91 -0,77 -0,60 -0,98 -0,88 -0,67 
WDR and DRWP -0,97 -0,81 -0,50 -0,97 -0,81 -0,55 
 
3.2.3 Fourier analysis 
In wind engineering, Fourier transformation of averaged wind speeds relates to 
meteorological effects and weather systems, whereas Fourier analysis on high-
frequency values yields information on power spectrum density and the validity 
of the quasi-steady state approach. The wind at a specific point can be 
characterized at any time t by the speed (v) and direction. Independent of the 
specific fluctuations in speed, it can also be described as a Fourier function, 
specifically:  
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Equation 3.3 can be rewritten as 
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If we now consider an²/4 as a discrete physical quantity for every frequency n/2t0, 
these points form a function over a variable frequency of f. Equation 3.5 can 
hence be transformed into: 
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The kinetic energy of every mass particle is v²/2, so the left part of equation 3.6 
correlates with the average value of the wind energy within an interval of [0; t0]. 
The physical quantity Sv(f) represents the distribution of the average energy as a 
function of the frequency (f) of the wind speed variations, and is commonly 
called the power spectrum of the wind. 
Co-occurrence of rain and wind depends on the type of synoptic weather systems 
that occur in a specific region, which might be determined by comparing the 
dominant amplitudes in the frequency domain of WDR intensity with those 
calculated for wind and rain. This approach was tested for the two climate 
datasets. Unfortunately, there was a data gap of 18 consecutive days in the RMI 
measurements, but an analysis on 2-hourly data for the same period and location 
showed that there were no data of significant importance for extreme value 
analysis. The 2-hourly values were used to complete the gap for spectral analysis 
of wind velocities by linear interpolation; other interpolation methods could not 
be used due to spacing, and zero-padding would erase information.  
A standard discrete Fourier transform algorithm was used to calculate the 
amplitudes of the different frequencies. The spectral resolution was increased by 
zero-padding the original sampling rate, which had no significant effect on the 
results. The padding was specifically of interest to cope with aliasing problems 
due to the Nyquist frequency (the Nyquist-Shannon sampling theorem renders an 
upper frequency limit corresponding to half the sample size). As well, the mean 
value of the wind speed was subtracted from the original data set to eliminate 
fictional low frequencies that reconstruct the average value of the wind speed. 
Given that the criteria to apply the Monin coordinate were not met [173], the 
wind spectrum was analyzed based on the frequency-normalized power spectrum 
density (PSD).  
3.2.3.1 Wind 
The PSDs show clear peaks at frequencies corresponding to periods of 1 year, 1 
day and 12 hours (see figure 3.1). The one-year period obviously stems from the 
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rotation of the earth around the sun. The diurnal oscillation can be attributed to 
temperature differences between land mass and the sea, and vertical gravity 
waves [174]. The semidiurnal oscillation is caused by an atmospheric tidal 
system (faze shift due to absorption by ozone and water vapour in the 
stratosphere and troposphere respectively). The effect of this faze shift can be 
described by a number of solar tidal periods (i.e. 8h, 6h…) that propagate 
downwards, which are all harmonics of a solar day [175]. Finally, the gross 
amount of energy in the PSD is located at frequencies that relate to periods 
between 20 hours and 8 days. This indicates a variety of time periods for local 
atmospheric depressions for this region. The decrease in spectral energy for time 
periods shorter than 8h is caused by the spectral gap. Both dataset result in a 
similar power density spectrum, with slightly higher values for the RNMI 
dataset. 
 
Figure 3.1. Single-Sided amplitude spectrum, PSD and Frequency-normalized PSD of the 
RMI wind data. 
 
3.2.3.2 Rain 
For the moderate maritime climate in Belgium and the Netherlands one would 
expect an annual cycle for the horizontal rainfall intensity [176], but this was not 
evident for both datasets due to noise from random inter-annual changes [177]. 
In general there is a strong increase in spectral density for shorter durations. A 
first concentrated zone is located between 1h30 and 2h, there is a distinct peak 
for 45 minutes, and the spectral density is most pronounced for periods between 
10 and 30 minutes. For both wind speed and rainfall intensity a lunar cycle was 
found, but for wind speed no information was found in literature on the existence 
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of such a cycle, and for rainfall no consensus was found [178, 179]. As such, 
both datasets (i.e. wind and rain) yield similar results. 
3.2.3.3 Wind driven rain 
The WDR was calculated for each data point:  
                     (3.8) 
Subsequently, the WDR was subjected to Fourier analysis to investigate if there 
are perhaps recurrent effects indicating the prevalence of specific weather 
systems on the co-occurrence of rain and wind. For reasons of clarity, figures 3.2 
(a) and 3.2 (b) each cover a part of the frequency domain by the amplitude 
spectrum and the frequency-normalized amplitude spectrum respectively.  
 
Figure 3.2. Fourier analysis of WDR intensities on buildings. Single-sided amplitude 
spectrum (a) and frequency normalized amplitude spectrum (b) for the RMI database. 
The annual cycle in the WDR analysis is caused by the wind: although the 
precipitation is fairly even over the year, the higher average wind speeds during 
winter yield on average slightly higher WDR loads during winter (figure 3.3). 
Again, there is a lunar cycle, which is caused by a combined effect of wind speed 
and precipitation. For short-duration effects, the spectrum is mainly determined 
by the horizontal rainfall intensity due to the spectral gap of the wind. 
Furthermore, the ratio of the rainfall amplitudes over the WDR amplitudes 
increases for shorter duration, which indicates that the short rainfall intensities 
are typically accompanied by lower wind velocities. As a result, the increase of 
WDR amplitudes for shorter duration is less pronounced as compared to 
horizontal rainfall intensity. In the WDR spectrum only the 8h-tidal wave is still 
visible from the wind spectrum, and the 45min peak from the rainfall is also 
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visible. Similar to the rain analysis, there is a first increase in the amplitudes 
around 90 minutes, a second increase at 60 minutes, and a third increase at 25 
minutes. However, these effects are more pronounced, indicating typical rain 
durations accompanied with higher wind speeds. Consequently, the short-term 
WDR intensities are mainly determined by the rainfall, but specific weather 
systems were detected for durations up to 25 minutes, 60 minutes and 90 
minutes. 
 
Figure 3.3. Variation of rainfall intensity, WDR intensity and wind speed in the RMI 
dataset throughout the year. 
3.3 Pareto front analysis 
3.3.1 Methodology 
Assuming that sufficient data are available, it is possible to use Pareto front 
analysis to determine watertightness test parameters. The approach is 
straightforward: (i) every single point with coordinates X and Y of the data 
(assume X: wind speed at time t; Y: rainfall intensity at time t) is plotted on an 
Euclidian plane; for watertightness testing the values of interest are only the 
outer extreme points of the cloud of points that are plotted; (ii) given interest of 
the two parameters of wind and rain, the set of maximum values is thus partially 
ordered and the line connecting every Pareto maximum in the data set is called 
the Pareto front. (iii) Verify that for every point on the Pareto front there is no 
other point with a higher value for one parameter, without simultaneously 
causing a lower value for the other parameter. 
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Figure 3.4 shows the Pareto maximum front of a set of data points: point B 
dominates point C, because its values are higher for both the X and Y parameter. 
Point B is indifferent to point A and D, because it cannot be compared to those 
points: both A as D dominate point B for one parameter.  
 
Figure 3.4. Multiple Pareto fronts can be constructed accounting for different types of 
extreme combinations of wind pressure and horizontal rainfall intensity. 
Once the Pareto front has been determined for the data points for wind speed and 
rainfall intensity, every point along that front defines a unique combination of 
wind and rain that occurred only once over the period covered in the weather 
database. For instance where 30 years of data have been analyzed, the point 
defines a combination with a probability of yearly occurrence of 1/30. Every 
Pareto-optimal point thus offers an extreme combination of wind and rain: there 
is not a single other point with both higher wind speed and higher rainfall 
intensity. Consequently, one can consider the group of extreme combinations as 
a closed subset of data that defines a specific climate. Note that this front can 
contain several points generated by a single event; it is not possible to limit the 
number of Pareto points by a single event, because there is no criterion to pick a 
specific combination of rain and wind for a specific event.  
If one would then delete this subset of data from the original database, and 
thereafter construct the Pareto front with the remaining data, the reconstructed 
Pareto front would then define a new subset of data with extreme combinations 
of wind and rain. However, this second Pareto front should not contain any 
points generated by the events that determined the initial Pareto front. 
Furthermore, it is advisable to impose a lower limit boundary for the WDR. This 
is useful, firstly, because the risk of water infiltration is very low at lower rates 
of WDR given that there is almost no water available. When considering 
A 
B 
C 
D 
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watertightness testing at low spray rates the water will likely be absorbed or 
become attached to the surface due to adhesion. Secondly, the types of spray 
nozzles that are typically used today require a minimum of pressure and flow 
rate to work properly. Most nozzles on the market require a minimum flow rate 
between 0.3 and 1L/min, conservatively assuming only one nozzle needs to be 
used per square meter (distance 0.4m, circular spray pattern, spray angle 102°), 
this corresponds to a minimum spray rate of 18L/h.m². Consequently it may be 
considered to remove all Pareto points that do not result in WDR above 
10L/h.m². In a similar way, a 3
rd
, 4
th
, 5
th… 10th Pareto front can be constructed.  
Using this approach, it is possible to determine extreme combinations of wind 
speed and rainfall intensity for specific return periods by omitting the typical 
problem of statistical analysis of the correlation between wind and rain. 
Although the return period of every extreme combination on the first Pareto front 
is 1 in 30 years, the return period of the front as a whole should however be 
calculated based on the number of extreme events that constitute the Pareto front. 
Note that the extreme wind velocities and rainfall intensities are only valid for 
the specific location of the recording weather station, and is limited to the 
specific period over which the data is averaged. In most cases the weather station 
will be located in an open field surrounding, and the data will need to be adapted 
to be used for other locations.  
Once the Pareto fronts have been determined for different return periods, specific 
points need to be selected to calculate boundary conditions. First of all, a line can 
be fitted through every Pareto front.  The Pareto fronts can thus be replaced by 
continuous fitted Pareto curves. Secondly, the Pareto curves need to be delimited 
for maximum rainfall intensities and wind velocities. Therefore, the peak 
horizontal rainfall intensity can be defined by the best fit through the peak 
rainfall intensity of every Pareto front. Similarly, the peak wind velocity can be 
limited by the best fit through the point with the peak wind velocity of every 
Pareto front. Thirdly, specific points, i.e. extreme combinations of wind and rain 
events, need to be selected on the Pareto curves. The intersections of the Pareto 
curve with the lines that delimit it for peak rainfall and wind speed will render 
two points of interest. One will define the peak wind speed during rain, whereas 
the other offers the peak horizontal rainfall intensity. Depending on the type of 
failure behavior of a specific component, intermediate values can be selected as 
boundary conditions for testing. 
Based on the fourier analysis, it was found that specific weather systems were 
found for periods shorter than one hour. Next to that, the spectral analysis of 
rainfall intensities pointed out that most activity is concentrated for durations 
between 10 and 30 minutes. Consequently, it is advisable to apply the Pareto-
procedure to climate datasets that contain at least 10-minute values. If only 
hourly values are available, a lot of information on rainfall intensities is lost.  
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3.3.2 Application 
 
Figure 3.5. 10 years of 10-minute wind speeds and horizontal rainfall intensities. 
Exponential functions (blue) are fitted to subsequent Pareto fronts (red). 
Figure 3.5 shows a plot of the 10-minute averaged wind speeds and rainfall 
intensities in Uccle for a period of 10 years. The first 10 Pareto-fronts were 
constructed, and the Pareto-points are plotted in red. There are a number of blue 
points with extreme values which are not part of a Pareto front because these 
were generated by events that are already included in previous Pareto fronts. 
Statistical analysis of the 10 subsets of Pareto-points revealed that out of a range 
of mathematical expressions, an exponential function provided the best fit to the 
data:  
 ( )     
  
  
⁄
      (3.9) 
In which i(t) is the rainfall intensity (mm/h) corresponding to a specified time 
interval t (s), ν is the wind speed (m/s), a and b are coefficients, and j is the 
ordinal number of the Pareto front. Furthermore, coefficient bj was shown to be 
relatively constant, so the data were again fitted to an equation with only one 
variable coefficient, specifically: 
 ( )     
  
 ⁄       (3.10) 
Where b is 4.61 for the RMI data and 5.49 for the RNMI data. This still renders 
an adjusted coefficient of determination of 0.960 instead of 0.961 for the fit to 
the function with two variable parameters for the RMI data (for the RNMI data 
the adjusted coefficient of determination decreases from 0.932 to 0.911). Uccle 
and Cabauw have a similar climate, and consequently the correlation of wind and 
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rain can be different for other geographical locations in which other types of 
weather systems are evident. 
 
Figure 3.6. WDR intensity as a function of rainfall and wind pressure: the exponential 
functions fitted to the 10 first Pareto fronts are plotted in red. 
The principle of Pareto fronts can be applied to any weather dataset, but the 
governing equations to describe these fronts might be different. Figure 3.5 shows 
the Pareto points based on wind speed and rainfall intensity, but for 
watertightness testing the focus lies on WDR and DRWP. Consequently, these 
values can be calculated suing the Pareto points in figure 3.5, or a separate 
Pareto procedure can be applied to WDR and DRWP instead of rain and wind. 
The WDR can be calculated with equation 3.8, which implies that the relative 
position of the Pareto points will be affected, and more importantly, the WDR 
Pareto points are not necessarily the same points that defined the Pareto front of 
horizontal rainfall intensity. Due to multiplication a number of new Pareto points 
can arise between existing points, thereby erasing the Pareto-optimality of those 
points in some cases. Whether the Pareto-analysis is done with wind speed as 
reference on the x-axis or DRWP does not affect the result. Figure 3.6 shows the 
WDR that corresponds to equation 3.8 (mesh curve) and the fitted one-parameter 
exponential functions for the RMI dataset (red lines). The Pareto points that 
determine the first front are also shown. Note that there are three points with 
very similar horizontal rainfall intensity but varying wind speed in figure 3.6 
(also evident in figure 3.5). Based on the corresponding WDR, of those three 
points only the one with the highest wind speed will also be part of the WDR 
Pareto front. As a result, boundary conditions for watertightness testing need to 
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be calculated separately based on WDR. Furthermore, in the WDR analysis 
values below 10mm/h are omitted because these are not efficient for 
watertightness testing. On figure 3.6 a Pareto point is shown for which the 
horizontal rainfall intensity is equal to zero: these points are irrelevant for 
watertightness testing and were omitted for curve fitting.  
For both datasets the 10 first Pareto fronts were calculated for WDR and DRWP 
values, see figure 3.7 (a) and 3.7 (b). The results indicate that peak WDR 
intensities do not coincide with peak DRWP; and in general there is an inverse 
correlation of WDR and DRWP for peak values, which confirms the negative 
Pearson correlation coefficient for extreme events. For the RNMI dataset there is 
a clear linear decrease of the WDR as a function of the DRWP for all Pareto 
fronts. For the RMI data only a few Pareto fronts show a similar linear 
decreasing trend. The other fronts demonstrate a more exponential decreasing 
trend, similar to the curves fitted to the Pareto fronts of the horizontal rainfall 
intensity. As a conservative approach, the Pareto fronts can be simplified to a 
straight line. This introduces an overestimation for a few fronts of the RMI data, 
and yields higher combinations of moderate WDR and DRWP. When these lines 
were fitted to the data there was a variation in the slope, but a reasonable 
approximation was achieved by applying a fixed slope. Due to the exponential 
trend for some Pareto fronts in the RMI data there is an adjusted coefficient of 
determination of 0.7, whereas the Pareto fronts for the RNMI dataset yield an 
average value of 0.95 for the adjusted coefficient of determination. 
If each Pareto front would be defined by the same number of Pareto points, the 
reciprocity of the different fronts could be expressed in terms of probability by 
relating the return period to the ordinal number of the consecutive fronts. For a 
database covering 10 years, the first front would then refer to events that occur 
once every 10 years, the second front contains events that are approximated or 
exceeded twice over the time span of the data set, and thus refer to a return 
period of 5 years. However, both datasets show a slight increase in Pareto points 
when constructing consecutive Pareto fronts. Assuming that all Pareto fronts can 
be fitted to straight lines with the same slope, only the intercept on the y-axis 
will vary. The relative weight in terms of probability of each front can be 
addressed as follows: if an intercept can be attributed to every Pareto point, the 
distribution function that describes the probability of all corresponding intercepts 
allows calculating the intercept for various return periods. In practice, the 
number of Pareto fronts will be limited due to the fact that in between 
consecutive Pareto runs the events corresponding to the previous points are 
erased. However, for the probability distribution it was assumed that an intercept 
could be attributed to every single point, even for which one of both values is 
zero. For both datasets the intercepts corresponding to the first 10 fronts were 
analyzed, and the occurrence of each intercept was set equal to the number of 
points on that front. Table 3.2 shows the test statistics for the distributions of y-
intercepts of the Pareto points for the RMI and RNMI datasets respectively. 
Based on both sets, the GPD and Lognormal show the best fit. The K-S test 
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renders a more general assessment of the fit, whereas the A-D test focuses on 
both tails. Considering that the distribution of the values analyzed here probably 
belong to a fat tail because the methodology of constructing consecutive Pareto 
fronts is more in line with peak over thresholds values than block maxima, a 
GPD was selected for fitting the intercepts.  
Table 3.2 Test statistics of 5 distributions fitted to the weighed y-intersections of the fitted 
Pareto lines. 
RMI K-S No. A-D No. χ² No. No. 
GEV 0.292 1 1.025 1 0.302 1 1 
GPD 0.122 2 36.272 4 X X 3 
Weibull 0.003 5 38.964 5 X X 5 
Gumbel 0.057 4 1.909 3 0.224 3 4 
Lognormal 0.094 3 1.200 2 0.136 2 2 
RNMI K-S No. A-D No. X² No. No. 
GEV 0.011 4 2.140 3 0.003 4 3 
GPD 0.110 1 1.303 1 0.014 2 1 
Weibull 0.101 2 36.343 5 X X 5 
Gumbel 0.008 5 2.617 4 0.618 1 4 
Lognormal 0.080 3 1.829 2 0.004 3 2 
 
Based on the adopted GPD, the values can be extrapolated to other return periods 
as well. Figures 3.7 (a) and 3.7 (b) show the straight lines, for which the slope is 
equal to the median of all fitted lines, and the Y-intercept is calculated based on 
the GPD. 
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Figure 3.7. Straight lines determined by GPD to WDR-DRWP Pareto fronts for (a) the 
RMI and (b) RNMI database. The intersections with the black lines determine the extreme 
combinations of high WDR, moderate WDR and DRWP, and high DRWP.  
To translate these straight lines into boundary conditions for watertightness 
testing, the fitted straight lines need restrictions to define the individual 
combinations for WDR and DRWP. For each front, the Pareto point with the 
highest WDR intensity can be selected, and a straight line fitted through these 
points provides an upper limit for the fitted and extrapolated fronts. The upper 
limit is indicated with a black line in figures 3.7 (a) and 3.7 (b). In a similar way 
a straight line can be constructed through the points with high DRWP and thus 
acts as a lower limit to the fronts. The intersection of the fitted Pareto lines with 
lines that define the upper and lower limits for each return period yields two 
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combinations (high WDR – low DRWP; low WDR – high DRWP), and thus 
define a line segment on the fitted Pareto line.  
In theory, the performance of a building component in respect to watertightness 
should then be tested by submitting a sample to all combinations of WDR and 
DRWP, defined by the points on the fitted line confined by the upper and lower 
limits. To simplify the test protocol and define specific combinations, the 
intersection of the Pareto lines with the limit lines provides the most extreme 
combinations. The highest infiltration rates in pressure moderated systems will 
not necessarily be generated by either peak WDR or peak DRWP, but perhaps by 
intermediate values. Consequently, it is suggested to add an extra combination of 
WDR and DRWP in between the extreme combinations. For each fitted Pareto 
line the midpoint of the line segment yields a combination of moderate WDR 
with moderate DRWP. Note that the line through these midpoints is a straight 
line and as such the median of all the triangles defined by the individual Pareto 
lines, and the upper and lower limits. Note that due to Thales’ intercept theorem 
the GPD fitted through the intercepts with the y-axis to calculate the probability 
is principally identical to the distribution of the distance between the line 
segments and the origin. The boundary conditions for watertightness testing were 
then calculated for a range of return periods, as provided in table 3.3. 
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Table 3.3. Test conditions for multiple return periods derived from Pareto analysis 
RMI                  T [years] 5 10 15 20 25 30 40 50 
peak 
WDR 
WDR [mm/h] 56 69 76 80 84 87 91 94 
DRWP [Pa] 32 41 45 48 51 52 55 57 
peak 
DRWP 
WDR [mm/h] 26 32 35 37 39 40 42 43 
DRWP [Pa] 223 276 304 324 338 350 367 380 
WDR  
DRWP 
WDR [mm/h] 41 50 55 59 61 63 66 69 
DRWP [Pa] 128 158 175 186 194 201 211 219 
RNMI                T [years] 5 10 15 20 25 30 40 50 
peak 
WDR 
WDR [mm/h] 74 92 102 108 112 116 121 125 
DRWP [Pa] 63 81 91 97 102 106 111 115 
peak 
DRWP 
WDR [mm/h] 10 10 10 10 10 10 10 10 
DRWP [Pa] 268 344 383 409 428 443 466 482 
WDR  
DRWP 
WDR [mm/h] 42 51 56 59 61 63 66 68 
DRWP [Pa] 165 212 237 253 265 275 289 299 
3.4 Standardized testing and performance 
levels 
Four methodologies were applied to calculate boundary conditions for 
watertightness testing: EVA, the methodology by Cornick and Lacasse [33], 
analytical calculation, and Pareto analysis. For more details on the first three 
methodologies, please refer to chapter 2. A comparison of the results is shown in 
figure 3.8: these conditions were calculated for a building of 10m high, in a 
terrain category II, orography set to 1, and return periods of 5, 10, 15, 20, 25, 30, 
40 and 50 years. Evidently, the lower left point of each curve refers to the 
conditions for a return period of 5 years, whereas the upper right point of each 
lines refers to 50 years. The single point and three dotted lines for the Cornick 
and Lacasse method correspond to return periods of 25, 50, 100 and 200 years. 
Accordingly, one would expect that the peak DRWP derived from the Pareto 
procedure is lower than the peak DRWP from the EVA. However, in figure 3.8 it 
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can be seen that the extrapolation based on the GPD for the Pareto lines yields 
higher wind speeds compared to that derived from the EVA for the RMI data. 
Apparently the approach overestimates the peak values in the extrapolation. One 
way to cope with this issue would be to combine the Pareto procedure with the 
EVA: for every return period the EVA could provide upper limits for the WDR 
and DRWP. For the RNMI dataset combining the Pareto procedure and EVA 
does not provide additional boundaries, whereas the RMI data should be limited 
by the results of the EVA. Furthermore, the RNMI data showed good agreement 
with literature, whereas the EVA of the RMI data results in significantly lower 
values compared to literature. It is advised that a larger number of climate data 
should be analyzed to draw further conclusions in this respect.  
 
Figure 3.8. Boundary conditions for watertightness testing derived from EVA, the Cornick 
and Lacasse methodology [33], and analytical calculation (see chapter 2). 
It should be noted that the lines only define the 10-minute averaged values, 
whereas performance testing should incorporate a range of different frequencies 
for cyclic testing. In principle, the constructed Pareto fronts are only valid for the 
specific combination of parameters such as height, terrain category, WDR 
coefficient (for a specific orientation), and orography. By assuming different 
values for one or more parameters, the Pareto fronts may consist of different 
points, in turn affecting the slope of the fitted curve, the intercept, the value of 
the GPD intercepts and related information. A more simple approach consists of 
converting the selected boundary conditions derived from the original dataset to 
a situation with different parameters, thus assuming that the Pareto points will be 
the same. The entire Pareto procedure was applied to 5 variations (varying 
height, terrain roughness and WDR coefficient) as compared to the reference 
dataset of the RMI and RNMI. The GPD showed similar significance levels for 
the different GOF indicators as compared to the original dataset. The largest 
difference in predicted boundary conditions was found when Pareto points were 
constructed for a height of 200m in a coastal area: in that case the simplified 
25   50   100   200 years 
5 years 
50 years 
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approach underestimates the boundary conditions by up to 9%. For non-coastal 
situations below 200m height the error is below 5%. For very high wind speeds 
there is an increase in the number of points per front, which also affects the 
probability distribution. Consequently, the simplified approach was adopted, and 
the slight underestimation of the parameters in very specific cases can be 
compensated by introducing redundancy in the limits of the performance levels. 
Figure 3.9 shows the boundary conditions for 5 different building heights 
(indicated by color), 5 terrain categories (indicated by shape), calculated for both 
the center and the corner of a building (adjusted WDR coefficient; indicated by 
infill of the points), for a return period of 30 years. The description of the 
analytical conversion is reported in chapter 2. Every combination of parameters 
yields three points; peak WDR, peak DRWP, and an intermediate value. Varying 
the terrain category or height only affects the wind speed, which in turn 
determines the WDR, whereas the WDR coefficient only causes a vertical 
translation of the boundary conditions in the figure. Note that a change of wind 
speed introduces a linear effect on the WDR, but the non-linear effect that is 
evident from the figure is caused by squaring the wind speed for calculating the 
DRWP.  
 
  
Figure 3.9. Boundary conditions for various building height and terrain roughness 
combinations. 
The different steps in the proposed protocol allow calculating WDR intensity for 
specific buildings, but it is also possible to develop generic specifications for 
product testing. If a specific component is tested for certification, the test 
parameters cannot be easily defined, in absence of boundary conditions such as 
8 7 6 5 1 2 3 4 
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the surroundings, building geometry and height. Certification testing requires a 
limited list of predefined performance levels that can be used for a whole range 
of situations. Depending on the type of component these levels can be defined, 
taking into account the typical failure mechanisms of the component. Note that 
the use of a limited number of performance levels requires significant 
rationalization of the test procedures.  
As an example, figure 3.9 shows a range of 8 different performance levels fitted 
to the range of boundary conditions derived from the Pareto procedure for the 
RMI dataset. The oblique segments of the consecutive zones would then define 8 
sets of boundary conditions. When a product is then subjected to these conditions 
and passes the test, it can be applied to all configurations corresponding to points 
that lie within the performance level in the figure. In principle the boundaries 
defined in the figure will correspond to a specific height for each terrain 
category, but due to the simplified approach when converting the Pareto front for 
one combination of parameters to other conditions it would be a safe approach to 
adopt some level of redundancy in assigning specific building heights to the 
performance levels. An example of how this could be introduced in practice is 
shown in table 3.4. Given that building height and terrain category have the 
largest effect on the wind speed, it is straightforward to define performance 
levels as function of these parameters. 
Table 3.4. Performance levels for watertightness of building components as a function of 
height and terrain category. 
Height [m] 0 - 10 10 - 30 30 - 50 50 - 100 100 - 200 
Cat. 0 5 6 7 7 (0) 8 (0) 
Cat. I 4 6 6 7 8 
Cat. II 3 5 5 6 (II) 7 
Cat. III 2 3 (III) 4 (III) 5 (III) 6 
Cat. IV 1 (IV) 2 (IV) 3 4 5 
 
For the division into different levels a linear subdivision of DRWP and WDR 
was adopted as an arbitrary premise for upper and lower boundary. The different 
performance levels are only constructed to illustrate the principle of how this 
methodology could be applied. A definition of actual performance levels should 
be done in e.g. a European context, which would require a broader analysis of 
climate datasets.   
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Components located away from the edges of a building façade will be subjected 
to similar wind loads, but lower WDR intensities. Accordingly, a second set of 
performance levels could be defined with lower water spray rates during testing. 
However, this would introduce additional testing, and the existence of parallel 
performance levels would not be feasible in practice. The boundary conditions 
derived from the Pareto analysis can be converted to different averaging times. 
For shorter time spans the analytical calculation is the only option. For longer 
time spans either analytical calculation can be used, or the original dataset can be 
converted from e.g. 10-minute values to hourly values, for which the Pareto 
procedure can be repeated. Figure 3.10 shows the boundary conditions for a 
return period of 30 years for two building heights. The WDR and DRWP was 
calculated for 3 different averaging periods. As was evident from figure 3.8, the 
RNMI dataset yields higher values for both WDR and DRWP. Note that the 
conversion of rainfall intensities to shorter averaging periods is only valid up to 
5-minute intervals. For shorter periods no validation was found in literature. 
Consequently, the horizontal rainfall intensity was only calculated for a 5-minute 
interval, and that value was used for both the 1-minute and 3-second intervals. 
Furthermore, the Pareto procedure was developed to take the co-occurrence of 
rain and wind into account; simultaneously converting WDR and DRWP 
assumes that within a 10-minute value the peak wind gust will occur 
simultaneous with the peak horizontal rainfall intensity. By converting the 
horizontal rainfall intensity to a fixed value for both 1-minute and 3-second 
averaging periods, the vertical shift of the 3s WDR intensity is only caused by 
the higher corresponding wind speeds. Finally, the gust model by Cook was 
developed to convert extreme values below the spectral gap (averaged over 2h to 
10 minutes) to extreme gusts. The methodology presented here conservatively 
assumes that the gust model can be applied to every single wind speed in the 
dataset, which evidently overestimates the number of gusts and their values.   
 
Figure 3.10. The effect of different averaging periods for establishing reliable WDR and 
DRWP test conditions. 
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For the conversion of the 10-minute data towards different averaging periods, the 
wind speed is highly sensitive to the terrain roughness. Apart from the 
logarithmic wind profile from which the local reference wind speed is 
determined, the turbulence intensity shows an inverse correlation with the terrain 
roughness. The highest 10-minute wind speeds occur for low terrain roughness, 
which in turn is accompanied with moderate turbulence intensity, whereas low 
averaged values will yield relatively high gust factors due to high roughness. 
Generic performance levels require a fixed assumption in respect to height and 
turbulence intensity to calculate wind gusts, but assuming one single value for all 
performance levels introduces large discrepancies. However, within a single 
performance level there are at most two different heights for the same terrain 
category, and at most two terrain categories for the same building height (see 
table 3.4. Figures 3.11 (a) and 3.11 (b) show the 3-second boundary conditions 
for all combinations in table 3.4. When the terrain category is fixed to a mean 
value (e.g. terrain roughness for category II), there is typically a slight 
underestimation for higher buildings, whereas it overestimates the conditions for 
lower buildings. Consequently, a proper terrain category can be chosen for each 
performance level. In principle, a conservative approach would be to select the 
highest terrain category within each performance level, but sometimes a lower 
value can be considered as a conservative approach due to the overestimation of 
the 10-minute value for that specific performance level. In the figure the selected 
height-terrain category combinations for each performance level have been 
marked by the solid lines as opposed to the dashed lines for the other 
combinations. The adequate terrain roughness for each performance level is also 
reported in table 3.4, indicated at the corresponding height which was used to 
calculate the turbulence. It was verified that a similar analysis for a return period 
of 10 years instead of 30 years leads to the same conclusions and selected 
combinations of height and terrain roughness for calculating turbulence.   
   
Figure 3.11. Conversion of 10-minute averaged wind speeds to 3-second gusts 
necessitates a single turbulence assumption: (a) even levels (b) odd levels. For every 
performance level a conservative turbulence conversion was selected. 
As an example of how this approach might be implemented in practice, the test 
protocol for performance level 1 is shown in figure 3.12. Only 3 time periods are 
2 4 
6 
8 
3 
5 
7 
1 (a) (b) 
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considered; 10 minutes, 1 minute and 3 seconds, and it is assumed that the 
component does not contain absorptive materials (which might imply the 
necessity to introduce longer wetting periods and averaging periods). 
Furthermore, the test protocol was designed such that first the test conditions for 
high water spray rates are applied for all time periods, followed by the moderate 
conditions and then the high wind pressures. In reality it can well be that high 
pressure loads were preceded by high WDR intensity. Consequently, the test 
protocol is on the safe side as it first imposes high water spray rates which is 
anticipated to stress the drainage capacity of the wall system, followed by high 
wind loads that in turn stress the watertightness of the drainage plane. The 3 
second gust with a return period of 30 years will only occur once in that period, 
but a series of slightly lower gusts will act upon the component over its service 
life. Consequently, it is suggested applying the 3 second gust a number of times 
to evaluate the ability of the specimen to cope with gustiness, e.g. 30 cycles (3s 
high pressure, 1s transition, 3s low pressure, 1s transition) which corresponds to 
4 minutes of testing. The number and length of the pulses indicated in figure 
3.12 are modified and shown schematically for reasons of clarity. Research on 
watertightness of curtain walls [32] indicates that slightly more leaks were 
present when the pressure in between gusts was higher, which reduces the 
drainage capacity of the system. Consequently, it was decided to let the peak 
pressure fluctuate around the 1-minute wind speed as mean value. Subsequently, 
this also determines the amplitude of the pressure fluctuation.  
Although it was assumed that the horizontal rainfall intensity was fixed to the 5-
minute peak value for the 1-minute and 3-seconds boundary conditions, the 
corresponding WDR intensity is not identical due to multiplication with the wind 
speed. If the water spray rate would then be determined similar to the DRWP, 
the WDR intensity would also follow a pulsed function as shown for 
performance level 1 in figure 3.12. However, there is no reason to assume that a 
rapidly varying spray rate would affect the watertightness, and moreover, it 
would undermine the practical feasibility of such a water spray system. Hence, it 
is advisable to assume a fixed water spray rate throughout the cyclical pressure 
loading.   
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Figure 3.12. Example test protocol based on Pareto analysis, for three points on the 
Pareto-curve and three time periods. 
Which return period should be used depends on the risk assessment of failure. 
The possible consequences of a limited amount of water ingress are far less 
severe than the risks associated with the failure of structural components. The 
most important consequence of water ingress is premature deterioration of local 
finishing products, such as aesthetic damage and mold growth. Structural failure 
due to mechanical degradation caused by moisture such as wood rot or corrosion 
is possible, but would typically require repeated infiltration of large amounts of 
water at a specific location. In risk assessment, the risk is commonly defined as 
the product of probability and consequence. Accordingly, the required return 
period is inversely proportional with the consequence of failure.  
The presence of moisture can affect the durability of building components, to 
what extent a specific material can cope with a specific moisture content will 
determine whether or not degradation mechanisms will be initiated. The main 
degradation mechanisms are mechanical or physical changes (frost, thermal 
expansion and swelling, internal pressure generation due to salts), biological 
growth (fungi, algae), and chemical changes (corrosion of metallic cladding, 
concrete reinforcement corrosion, chemical reaction with acids, sulphates and 
alkalis in concrete). Each of these degradation processes is affected by a number 
of parameters, and the respective performance criteria do not provide simple 
guidelines in respect to the presence of liquid water. Several degradation 
processes require a combination of moisture content and temperature for a 
certain period of time. It is generally accepted that e.g. in flat roofs a limited 
amount of liquid water can be stored during winter, given that the materials are 
not sensitive to degradation, and that no water accumulates on a yearly basis. In 
contrast, rising damp in walls is generally not accepted. 
When water ingress occurs, it will either be trapped into a part of the 
construction which was not designed to drain or absorb, or it will infiltrate into 
the interior. For most building components a small amount of water can be 
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absorbed or stored, and will evaporate over time, but may cause aesthetic 
damage in some cases. Infiltration of small amounts of water to the interior is  
undesirable and should be avoided. In general, the consequence of infiltration 
will mainly depend on the amount of water and the susceptibility of the 
surrounding materials to water damage (the moisture tolerance), and can only be 
evaluated in detail on a case by case basis. Even for windows and curtain wall 
systems the consequences of water ingress will typically be more severe than 
interior surface condensation (higher amount of water concentrated on one 
location) and should hence also be avoided as much as possible. Furthermore, 
most building owners will not tolerate local staining, even if these occur only 
once every few years. From a practical point of view, water ingress every few 
years may seem tolerable.  
Furthermore, risk analysis would require a quantification of the consequences in 
respect to economic damage. The impact of water ingress from a window frame 
onto ceramic floor tiles may be negligible, whereas a parquet floor may 
experience significant aesthetical damage from a little water ingress. A different 
option might be to define consequence classes, see e.g. table 4.5. Four 
consequence classes are defined, and for each type of damage a return period is 
suggested. Mind that this is only an example, and the differentiation between 
classes would require a consensus for every type of finish.   
Table 4.5. Example of consequence classes 
Consequence 
Class 
Description Return period 
1 Water ingress without damage 1/year 
2 Temporal aesthetical damage 1/year 
3 Slight permanent aesthetical damage 1/10 years 
4 Severe permanent aesthetical damage 1/30 years 
 
Consider that the performance levels are based on consecutive Pareto fronts, 
each generated by a number of events (typically between 5 and 15). These events 
each constitute different combinations of test conditions, and a sample may fail 
for more than one combination of parameters on a Pareto front. In a worst case 
scenario, a sample that passes the test for a return period of 10 years in reality 
may perhaps fail 5 to 15 times throughout a period of 30 years. Consider that the 
intermediate points between the Pareto fronts are disregarded here. Based on 
these considerations, a return period of 30 years seems reasonable as a general 
rule of thumb. Furthermore, from a legal point of view and liability (typically 10 
years in Belgium), most building practitioners would advocate the use of a return 
period of 10 or 30 years. 
The center of a façade will be subjected to high wind pressure but low Wind 
driven rain intensities. One could easily interpret these conditions as a lower 
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probability to exposure, and based on the risk assessment also make an argument 
for lowering the required performance level with one class. However, the wind 
pressure would be underestimated significantly (because the 30year return period 
applies), and the water spray rate would be overestimated for the higher 
performance levels. Finally, the methodology presented here was developed for 
generic performance levels that can be applied to a range of situations. However, 
for a specific project it is possible to determine more detailed and adapted test 
conditions, taking into account, for example, building height, surroundings, 
terrain category and location on the building. 
3.5 Runoff 
Rain deposition on facades is determined by raindrop distribution, relation of the 
wind direction to the façade, façade geometry, surroundings, wind speed and 
terminal velocity of raindrops: the moment a raindrop collides with a surface the 
water will either splash or bounce away from the surface, adhere to the wall, be 
absorbed by the façade material, run down due to gravity or evaporate on the 
surface. These four phenomena will determine the water load and water runoff 
and might consequently affect the watertightness of components. Only 
considering the direct impingement of raindrops on a specific location on the 
building, disregarding the effect of runoff, might underestimate the conditions 
building components are likely to be subjected to in reality. Hens et al. [16] 
showed that brick walls subjected to the Belgian climate remain almost 
completely saturated throughout the winter period due to insufficient drying 
periods. So even for materials which can absorb significant amounts of water, 
water runoff may still be expected during extreme events. In this section, the 
principles of runoff are discussed, and the options to introduce the effect of 
runoff in the test sequence are evaluated. 
3.5.1 Introduction 
Raindrop collisions were first studied by Engel [180] in characterizing damage 
phenomena due to the impact of “water drops” on the surfaces of airplane wings 
and fuselage. Mutchler and Hansen [181] carried out work on water drop impact 
on water surfaces (film) and reported higher splash size on a water film for 
increasing drop size, and the biggest splash was recorded for a water film of one-
third drop diameter. Couper [182] studied the splash of raindrops on vertical 
surfaces in different building materials. In his work, splash is defined as the 
difference between the collected water in rain gauges and water runoff on the 
panels, whereby it implicitly accounts for bounce effects as well. Although more 
splash was recorded for higher rainfall intensities on all materials, for glass it 
was limited to 2%, whereas 25% was recorded for an acrylic plate, 17% for a 
smooth rendered sand-epoxy resin coating and 18% for a rough river gravel-
epoxy resin coating. This was explained by the reduction in splash when water 
droplets collide with a uniform film of water on the glass. Furthermore, the 
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results showed a reduction in splash for higher surface roughness. More recently, 
Abuku et al. [183, 184] developed a model on rain impingement on facades, 
primarily to render better input data for HAM-modeling of porous materials in 
building envelopes. Insufficient data were published to practically calculate the 
amount of water that splashes or that bounces away from the façade and neither 
was water runoff analyzed.  
Several authors have described, analyzed and modeled droplet deposition, 
growth and drop avalanches on substrates [185-193]. Both the simplified models 
proposed by El Shimi et al. [194], Beijer [195] and Blocken and Carmeliet [196], 
as well as the FEM model described by Kalimares [197] assume perfect water 
film flow without rivulets on facades, neglect raindrop splash and bounce effects, 
and omit film flow instability due to the viscous momentum imbalance which 
causes undulatory behavior, as discussed by Takeshi [198]. A WDR runoff factor 
was proposed by Choi [199], similar to the runoff calculation according to 
Straube [18], but this does not take into account absorption and splash, and 
assumes a perfect film on the building surface. It has been established by Couper 
[182] that runoff from a smooth gloss-painted panel varies according to rainfall 
intensity with typically about 100% runoff expected at low rainfall intensities 
(3.15 mm/h), 35% for moderate intensities (6.30 mm/h) and a little over 20% at 
high intensities (9.45 mm/h). Literature reviews on water runoff studies [200, 
201] conclude that most run-off models incorporate significant simplifications, 
most of which still needs to be validated (although there is a lack of well 
documented runoff experiments). Blocken and Carmeliet [201] offer a 
comprehensive numerical model that allows calculating the runoff over the 
height of a building, based on the capillary water absorption coefficient and 
WDR intensity. This model can be used when specific information is required 
for a specific project. Lacasse et al. [202, 203] reported on the effect of water 
runoff rates on the amount of water infiltrating into building components, and 
showed that runoff can have a very significant effect on the performance. 
Consequently, Lacasse et al. [204] provided a method to simulate water runoff 
during watertightness testing by spraying water at the head of the specimen. If 
WDR is deposited evenly across the height of a building, the resulting water load 
due to migration downward along the face of the wall increases in proportion to 
the wall height. However, WDR coefficients are typically higher at the top of the 
wall and go down towards the bottom of the building (see figure 3.13). 
3.5.2 Simulations 
A numerical model [205] was used to simulate runoff on building façades. The 
absorption in porous materials was modelled by means of a steep-front 
absorption model [206], in which a constant influx is assumed until surface 
saturation occurs, followed by a declining influx as a function of the absorption 
coefficient and time. For the purpose of evaluating peak runoff rates, the effect 
of evaporation was disregarded, and as a conservative approach the splash effect 
was disregarded. Catch ratios were derived from literature [115]. Based on a 
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force balance for a droplet adhered to a surface in its critical state condition a 
formula was developed to calculate when water will start flowing downwards on 
a vertical surface [207] and is given as: 
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Where ρ is the liquid density (kg/m³), g is gravity (m/s²), αc is the angle of the 
plane (0°= horizontal), σ is the surface tension of the liquid (N/m), V is the 
volume of the droplet (m³), and θA and θR are the advancing and receding contact 
angles respectively (°). Based on the Nusselt solution for the average film flow 
speed, the water transport from one control volume to the next was calculated: 
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Where u is the flow speed (m/s), h is the film thickness (m), and ν is the 
kinematic viscosity (m²/s). A trace film thickness of 0.002mm was assumed to 
account for water that remains on the surface along the wetted trail (please refer 
to [205] for experimental validation). Furthermore, rivulet formation was based 
on the meandering thresholds defined by Legrand-Piteira et al [208], and rivulet 
depth was calculated as follows [241]: 
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Where θ0 is the equilibrium surface contact angle (°) and μ is the dynamic 
viscosity (N.s/m²). The input parameters were based on literature and 
experiments, the model was verified against measurements [195] and against 
results from a different model reported in literature [201]. Note that equation 
3.11 relates to discrete droplet flow, equation 3.12 is valid for uniform film flow, 
and equation 3.13 is derived for rivulet flow. By combining equations 3.12 and 
3.13 there is a certain inconsistency in the calculation method, but in absence of 
applicable correlations on rivulet flow speed, it still yields the best approach to 
calculate rivulet runoff. Figure 3.13 shows an example of catch ratios found in 
literature [115], which were used to calculate the WDR intensity on the façade in 
the run-off model.  
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Figure 3.13. Contours of catch ratio based on CFD-simulations on the windward façade 
for a low-rise cubic building (figure from [115] © Elsevier 2004, reproduced with 
permission). 
As an example, the runoff was calculated for a glass façade of 10m by 10m, 
located in terrain category II, with the peak hourly averaged combination of 
WDR and DRWP with a return period of 30 years. Figure 3.14 shows an 
example of the output screen: in absence of any absorption, all the water runs 
downwards the façade. Even though higher catch ratios are found at the top of 
the façade, higher cumulative runoff rates are found near the bottom. Figure 3.14 
shows the uniform runoff film that is moving downwards, and at the front of the 
film a variation in the combination of surface roughness (based on initial state 
and prewetting) and flow velocity results in the formation of a number of 
rivulets. Consider that a coarse grid was used in the model to reduce the 
computational time. The asymmetrical flow is caused by the random variation in 
surface roughness.  
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Figure 3.14. Output of the runoff-model. 
Evidently, increasing absorption at the surface will lower the runoff rates, but the 
location of the peak runoff rates would shift from the bottom towards just below 
the top of the building. As a result, runoff rates are very sensitive to the 
absorption of water, prewetting, wind direction, wetting period, location on the 
building and the development of rivulets. Consequently, developing generic 
guidelines for testing in which runoff is considered is not self-evident. It should 
also be considered that the architectural detailing of a façade with local 
projecting elements might introduce intermediate levels where water is shed 
away from the building. Furthermore, peak runoff rates occur at the bottom of a 
façade, whereas peak catch ratios and wind pressure are found at the extremities 
of the façade. As a worst-case scenario, absorption can be omitted, but even then 
the peak runoff is still very sensitive to the location on the building. 
Consequently, the most straightforward approach is to consider for example a 
one-storey height that generates runoff. When a building component is sheltered 
by an overhang with adequate drip profile, which is typically the case for e.g. 
most windows, runoff will be shed away and no runoff should be applied in 
testing. 
3.6 Conclusions 
The watertightness of building envelope systems can be evaluated with a range 
of different test methodologies be these based on static, cyclical, or dynamic 
methods, or wind tunnel testing. The predominant boundary conditions for 
evaluating watertightness are pressure difference and water spray rate. However, 
the relation between these boundary conditions as specified in test standards is 
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typically undefined. Cornick and Lacasse presented a comprehensive calculation 
method to define correct boundary conditions based on extreme value analysis of 
extreme rain and wind events. In absence of general principles on the co-
occurrence of wind and rain, and based on only a moderate correlation of WDR 
and DRWP the authors assumed statistical independence to calculate the return 
period of extreme combinations of rain and wind. The use of Pearson correlation 
coefficient for wind and rain on one side and WDR and DRWP on the other can 
provide some insights, but render inadequate to derive quantitative assumptions 
on co-occurrence. For both datasets the correlation coefficient was close to -1 for 
10 extreme values, and rises to -0.5 for 1000 extreme values. Fourier analysis of 
WDR loads on buildings is mainly determined by horizontal rainfall intensity 
given the lack of wind energy in the high frequency range due to the spectral 
gap. Most WDR is generated by short rain events, and specific weather systems 
were detected that last about 25, 60 and 90 minutes.  
The Pareto-front analysis presented in this chapter is a methodology that takes 
into account actual combinations of rain and wind without assumptions on co-
occurrence, and allows calculating realistic boundary conditions for different 
return periods. The methodology consists of 4 steps. In the first, the relevant 
range of boundary conditions for the test must be determined; this is based on 
knowledge of the failure mechanisms of the building component.  For example, 
brick masonry walls would require a different test protocol than curtain walls. 
Secondly, the DRWP and WDR are calculated for a given climate database, e.g. 
10 years of 10-minute averaged values. In the third step the consecutive Pareto 
fronts are determined for the DRWP and WDR. A straight line can then be fitted 
through the Pareto points, and the position of these lines is defined by a GPD. 
Finally, the fourth step allows calculating realistic boundary conditions for 
watertightness testing based on analytical conversion of the original data to other 
averaging times for cyclic testing. A realistic test protocol should incorporate 
peak WDR intensities, peak DRWP, and one or more intermediate values. 
Furthermore, the practical design of a test protocol corresponding to generic 
performance levels was demonstrated. By using a single performance level for 
different heights and surroundings, the conversion of reference wind speeds to 
gusts effects should be done with consideration, given the fact that only a single 
combination of height and turbulence intensity can be adopted for each 
performance level.   
Notwithstanding the apparent practical advantages for determining WDR and 
DRWP loads offered with this method, there are limitations to its use and further 
improvements need to be developed. This method was established on the basis of 
only two climate databases, and should be validated for a broader range of 
climates and return periods. As well, the methodology presented above only 
offers information for the specific averaging period of a given climate database 
(i.e. 10-minute values in this case). The conversion to shorter time periods for 
both wind and rain again introduces assumptions on the co-occurrence of 
extremes. 
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4 
Pressure equalization 
4. PRESSURE EQUALIZATION 
Many building components rely on pressure equalization to achieve a good 
performance in respect to watertightness. In the previous chapter a new test 
sequence was developed, which will be applied and results described in a range 
of case-studies given in chapters 6-10. In order to evaluate the response of 
specific building components to the boundary conditions applied in the test 
sequence, it is important to understand the fundamental principles that determine 
the specific behavior of those components. Therefore, pressure equalization 
under dry and wet conditions is analyzed in this chapter, and the principles of 
water ingress through deficiencies are discussed in chapter 5. There exist several 
guideline documents,  based on the results of numerical modeling or 
experiments, that provide the necessary geometrical constraints to achieve 
pressure equalization in a wall assembly, but it appears these are only valid for 
dry conditions. To evaluate the likelihood of pressure equalization for a generic 
wall assembly during rain events, an experimental setup was fabricated 
consisting of two parallel vertical acrylic plates, as an abstraction of a typical 
wall configuration incorporating a drainage cavity, and which was subjected to a 
sinusoidal pressure loading with varying mean pressures, amplitudes, 
frequencies, airtightness levels, and water spray rates. Two circular holes of 
4mm and 8mm diameter were placed in the exterior vertical plane of the two-
plane assembly representative of deficiencies in the exterior plane through which 
water could pass. Results from the experiment were compared with those derived 
from numerical simulations. A semi-implicit numerical model based on mass 
balance and the ideal gas law was developed and thereafter validated against the 
results for dry conditions. Monte-Carlo sensitivity analysis was performed on the 
simulated pressure equalization of the assembly; the results of which 
underscored the importance of having accurate leakage characterization to 
“Those who have knowledge, don’t predict. 
Those who predict, don’t have knowledge.” 
Lao Tzu 
86  CHAPTER 4 
achieve validation of the model. The sensitivity analysis was also useful in 
demonstrating that the normally distributed input parameters entailed a negative 
skewness to the results. The difference between the measured pressure 
equalization in wet conditions and simulations for dry conditions showed an 
evident correlation with the pressure equalization results derived from 
simulation. As a result, the effect of a water runoff film on the pressure 
equalization can be accounted for by means of a power function. Results derived 
from simulations of pressure equalization under dry conditions may significantly 
overestimate the degree of pressure equalization of a wall assembly during rain 
events. In addition, the significance of pressure equalization in respect to façade 
design was evaluated based on 6 case-studies. An analysis of façade components 
such as precast concrete panels, two types of masonry brick walls, spandrels, 
windows and curtain wall systems, indicates that current construction practice 
and guidelines are inadequate to achieve good pressure equalization of these 
assemblies.  
4.1 Introduction 
In the post war period, face-sealed constructions gained increased usage in 
construction practice as compared to the construction of, for example, massive 
masonry wall structures, given that such type of wall designs permitted a 
reduction in the time to complete the construction, and as well, such designs 
resulted in lower material and labour costs. However, face-sealed designs over 
the years have in certain locations been subject to a significant number of 
litigations due to material failure or poor workmanship and this perhaps has 
made way for pressure equalized rain screen systems that still dominate façade 
design today. 
 
Figure 4.1. Schematic of pressure equalization in rain screen walls. 
Ars 
Aab 
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For water ingress to occur, three conditions must be met simultaneously: an 
opening through which water can pass, water supply at the opening, and a 
driving force to promote passage and entry. The driving forces can be subdivided 
into various categories, specifically: pressure difference (e.g. due to wind 
pressure, stack effect, HVAC systems), gravity, surface tension, and kinetic 
energy. It is generally acknowledged that for most building components wind is 
the most important driving force that generates pressure differences and water 
ingress in façade components [209]. Pressure equalized systems principally 
consist of two layers: a rain screen on the exterior side, and an air barrier on the 
interior side (figure 4.1). In between the layers a vented and drained cavity is 
situated, which is vented to the outside by intentional openings typically located 
at the base of the wall thereby allowing the pressure in the cavity to equalize 
with the exterior pressure. When the pressure in the cavity is close to the exterior 
pressure, the pressure difference is evidently reduced and the likelihood of water 
ingress is likewise diminished. The most defining aspects of that rain screen in 
respect to watertightness, are the vent area (total area of openings to the outside), 
and the amount of water that will enter under various boundary conditions. 
Furthermore, porous materials will also absorb raindrops that impinge on the 
wall, reducing or even eliminating run-off and the amount of water that will 
infiltrate into the cavity. The cavity between inner and outer plane allows the 
pressure to equalize, and as well may permit any inadvertent water ingress to 
drain from the cavity to the exterior. Furthermore, the cavity also provides a 
capillary break and may reduce the kinetic energy by a reduction in air velocity 
(Bernouilli effect). When an exterior pressure is exerted on the rain screen, the 
volume of air in the cavity will be compressed until an equilibrium situation is 
obtained. Consequently, smaller cavities require less air movement to raise the 
pressure to an equilibrium state, which in turn reduces the response time in the 
cavity due to pressure fluctuations across the rain screen.  
  
 
Note that in reality wall cavities are continuous in nature, and typically the 
cavities of the different facades are interconnected. On the windward side, 
cavities will equalize with the positive pressure exerted on the rain screen, 
whereas on the leeward side the pressure in the cavity will decrease to an 
equilibrium state with the suction on the rain screen. As a result, the pressure 
differences between the different façade cavities will introduce air currents at the 
interconnections and the general principle of pressure equalization is likely 
flawed [210]. Furthermore, even on a single façade significant pressure gradients 
can be found; this notably also deviates from the original design principle for 
rain screen wall assemblies [211]. Hence, it is often suggested to design 
compartments to reduce the internal air flows in the cavity. The airtight barrier 
needs to ensure that the pressure in the cavity will depend primarily on the 
exterior pressure. Furthermore, the stiffness of both planes may also affect the 
cavity volume, which in turn will affect the response time of the system.  
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Based on the principles presented here, the key parameters to obtain good 
pressure equalization for watertightness are straightforward: 
 
 Minimize the air barrier leakage opening to rain screen venting (Aab/Ars) 
ratio  
 Reduce the cavity volume, which increases the vent ratio (i.e. Ars/V) 
 Provide compartments in the cavity, specifically at the extremities of 
the façade, and close the cavities at the corners 
 Minimize the flexibility of the air barrier  
 
Where Aab is the area of the openings in the air barrier (m²), Ars the area of the 
openings in the rain screen (m²). Rousseau et al. [212] evaluated rates of water 
ingress and pressure equalization in sandwich precast concrete panel wall 
specimens and brick veneer walls. It was concluded that poor airtightness 
resulted in higher rates of water ingress, but no feedback was reported in respect 
to the pressure equalization of this wall system. A review of literature related to 
pressure equalization of wall systems resulted in 38 journal publications, some of 
which focused on mathematical modeling of pressure equalization, design 
guidelines or experimental validation, e.g. [210, 213]. All publications explicitly 
indicate that the primary objective in achieving pressure equalization is reducing 
the pressure across the rain screen thereby increasing the performance in respect 
to watertightness. Remarkably, not a single publication was found that addresses 
pressure equalization during rain events, even though that is the primary intent of 
the pressure equalized rain screen concept. 
 
The next and second section provides an overview of existing analytical and 
numerical approaches to calculate the pressure equalization in building 
components, and a newly developed numerical model is also described. To 
evaluate the degree of pressure equalization during wet conditions, an 
experimental setup was fabricated that allowed measuring pressure equalization 
and rates of water ingress through circular openings (representative of 
deficiencies in the cladding) for various Aab/Ars ratios under dynamic pressure 
conditions. The description of the experimental setup, test specimens and test 
protocol are reported in the third section. Thereafter, validation of the simulation 
model for dry conditions is given and in the fifth section, experimental results for 
pressure equalization under wet conditions are reported and discussed. The final 
section is intended to relate the results derived from the experiments described in 
this chapter to typical configurations of building components that rely on 
pressure equalization for watertightness; the primary conclusions derived from 
this study are summarized at the end of this chapter.  
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4.2 Simulation models 
4.2.1 Overview 
In general, two types of models have been used to simulate pressure equalization 
in PER walls: those based on the Helmholtz theory, and those based on the ideal 
gas law. The latter is more practical in that it is straightforward to derive and has 
been shown to be sufficient to predict cavity pressure dynamics [214]. Latta 
[215] proposed the following relationship to calculate the degree of pressure 
equalization, based on incompressible flow and flow through sharp-edged orifice 
openings: 
     (
   
   
)
 
        (4.1) 
Where ΔPrs is the pressure difference across the rain screen (Pa), ΔPab is the 
pressure difference across the air barrier (Pa), Aab is the leakage area of the air 
barrier (m²), and Ars is the vent area of the rain screen (m²). Consequently, 
ΔPrs+ΔPab=ΔPt; the total pressure over the wall (Pa). The portion of the total 
pressure difference that is transferred to the rain screen is calculated as follows: 
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     (4.2) 
To achieve adequate pressure equalization, Latta had recommended the 
following guideline in respect to the vent area of the rain screen and leakage area 
of the air barrier: Ars> 10* Aab. Based on a slightly different model (turbulent 
flow on the exterior side, laminar flow on the interior side), Killip and Cheetham 
[216] found that 99% pressure equalization could be achieved for instances 
where Ars > 25 to 40*Aab. Fazio and Kontopidis [217] assumed that sharp-edged 
orifice flow was only valid for large openings, whereas the unintentional cracks 
present in a typically constructed rain screen and air barrier would be so small 
that the resulting air flows would be laminar in nature. Inculet and Davenport 
[218] then assumed the vent holes as sharp-edged orifice openings, disregarded 
air flow through cracks in the rain screen, and assumed a flow exponent of 0.65 
for openings in the air barrier. As a result, of all of these considerations, equation 
4.1 has been modified to: 
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      (4.3) 
Where Aw is the area of the wall, Ars is the venting area through the rain screen, 
Cw is the flow coefficient for the wall (m/s.Pa
0.65
) and Cd is the discharge 
coefficient (-). Contrary to what is given in equation 4.2, the portion of the 
pressure difference that is transferred to the exterior plane in equation 4.3 will 
depend on the total pressure difference due to the implicit difference in flow 
exponents. Note that equation 4.3 implicitly assumes that the flow coefficient of 
the wall is only affected by the airtightness of the interior wall. 
 
The analytical models assume the air is incompressible. However, based on 
Clapeyrons ideal gas law, the volume decreases for increasing pressure: 
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            (4.4) 
Where P: pressure (Pa), V: volume (m³), n: amount of gas (mol), R universal gas 
constant (J/K.mol), T: temperature (K). Consequently, the mass of air inflowing 
from the exterior into the cavity is not necessarily equal to the mass that may 
flow from the cavity to the interior over the same time period. The degree of 
pressure equalization will then be function of Ars, Aab, V, type of gas, T, the 
rapidity of exterior pressure change and resonance effects. Several numerical 
models have been developed [219-222] that use mass balance or the Helmholtz 
theory to model the pressure equalization of a wall system under dynamic 
pressure conditions. Furthermore, van Schijndel [223] proposed the following 
guidelines to achieve optimal pressure equalization in curtain wall systems: 
  
    (     ⁄ )
   
    
     (4.5) 
Where d is the depth of the cavity (m), At is the surface area of the wall (m²) and 
fmin is the minimum frequency of interest (Hz). As an example, for At = 1m², 
d=0.10m and fmin = 1Hz, Ars should be larger than 0.11m², which seems quite 
large. Note that in equation 4.5 the effect of varying airtightness is not 
considered. The authors also indicate that, assuming incompressible air, the 
coefficient 0.3 is multiplied by 10, which in turn divides the required leakage 
area by 10.   
 
The degree of pressure equalization can be expressed by means of the pressure 
equalization percentage (PEP), calculated as follows [224]: 
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     (4.6) 
Where PEP: pressure equalization percentage (%), P: amplitude of external air 
pressure (Pa), T: period (s), Pe(t): external air pressure at time t (Pa), Pc(t): air 
pressure in cavity at time t (Pa). However, the number 2 in the denominator 
suggests that a PEP of 0% would occur at the moment the pressure in the cavity 
is in anti-phase with the outside pressure throughout the entire period. The 
measured phase shift caused by the pressure moderation in the cavity is typically 
smaller than 0.2 seconds for frequencies up to 1Hz in systems of interest, such as 
window frames and curtain walls [225]. A review of climatic data measured with 
high frequency equipment, indicates that external pressure variations 
corresponding with frequencies above 1Hz typically have very small amplitudes 
[52]. This thus renders pressure variations with frequencies above 1Hz irrelevant 
for watertightness testing. Hence an improvement to equation 4.6 would be 
deleting the number 2 in the denominator. As such, the pressure equalization 
percentage (PEP) would provide a more intuitive response when considering the 
pressure in the cavity in respect to the pressure difference across the wall. Under 
static conditions, the pressure equalization can then be calculated as: 
    
    
   
     (4.7) 
Thus in static conditions where the pressure in the cavity is half the exterior 
pressure, the PEP equals 50%. Based on a simple power law equation that 
describes the air flow through two parallel planes,          
  , and mass 
conservation, the PEP can be calculated as follows: 
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The model by Latta [215] corresponds to equation 4.9 with both flow exponents 
set to 0.5.  
 
 
Figure 4.2 PEP as a function of Aab/Ars based on analytical approaches for varying flow 
exponents. 
Figure 4.2 shows the PEP as a function of Aab/Ars: the dotted lines correspond to 
identical flow exponents for the rain screen and air barrier, whereas the dashed 
lines relate to more turbulent flow through the rain screen and more laminar flow 
through the air barrier. When both flow coefficients and flow exponents of the 
air barrier and rain screen are equal, the pressure in the cavity is exactly the 
average of interior and exterior pressure. If the flow exponent of the interior 
plane increases, there is a strong decrease of the PEP, because a similar mass 
flow is achieved at a much lower pressure drop. As a worst case scenario, the 
flow exponent of the rain screen can be set to 0.5, and laboratory measurements 
on windows and curtain walls (typically very airtight components) show that the 
corresponding flow exponents rarely exceed 0.8.  
4.2.2 Numerical model 
In order to analyze pressure equalization during dry and wet conditions, an 
experimental setup was fabricated, that allows applying dynamic pressure 
fluctuations. For a thorough analysis of the results a numerical model was 
developed that simulates the pressure in the cavity based on mass balance and 
compressible flow. The buffering effect due to air compression can be described 
as: 
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             (4.10) 
Where m: mass of the air in the cavity (g) and ρ: mass density (g/m³). 
 
For the typical configurations considered here (e.g. windows, curtain walls, 
walls), the phase shift is significantly smaller than the period of the exterior 
pressures. Consequently, the differential equation combines a transient 
component (compression of air volume) and a quasi-static component for the 
exterior pressure, and can be solved as a stiff system. Several numerical 
approaches were considered to solve the problem implicitly, but the transient 
component was ill-conditioned, which rendered the numerical approximation 
unstable depending on the value chosen for the time step. A variable time step 
was subsequently adopted for the transient and quasi-static combination as was a 
small fixed time step but it was determined that neither of these approaches 
provided a satisfactory solution. The most straightforward approach to bypass 
the issue of numerical instability was to abstract the variable mass density from 
the implicit formulation (similar to the semi-implicit method for pressure linked 
equations which is typically used in CFD). In this iterative approach the mass 
fluxes are calculated, and the pressure and mass density in the cavity are then 
updated and corrected. The approach reduced numerical errors, which also 
allowed applying a more numerically stable backwards Euler-solver without 
numerical damping. 
 
Mass conservation models typically do not account for Helmholtz resonance 
(contrary to Helmholtz models), and can become unreliable for frequencies close 
to the resonance frequency of the system being considered. Therefore in the mass 
conservation model, the resonance frequency of each system was first calculated 
as follows:   
   
 
  
√ 
     
   
     (4.11) 
Where f= resonance frequency (Hz), γ adiabatic index (-) and L is the length of 
the neck of the oscillating air volume V (m). The air barrier is conservatively 
assumed perfectly airtight. The model yields a warning when frequencies of the 
imposed wind loads are higher than half the resonance frequency [218]. It should 
be considered that for most systems the resonance frequency will be over 50Hz 
[225], whereas the wind pressure spectrum contains little energy above 1Hz 
(high frequencies correspond to small vortices which disappear quickly due to 
viscous dissipation). Both the rain screen and air barrier were assumed rigid, but 
the effect of deflection could easily be implemented in parallel to the pressure 
correction. Figure 4.3 shows the results of the numerical model as compared to 
the analytical approach for which incompressible air is assumed. It shows the 
PEP  for a pressure fluctuation acting on the exterior of the wall (Pe) taking the 
form of a sine function, for which Pe=400 +200*sin(2πt), for a cavity volume of 
0.1m³ and an interior flow coefficient of 0.01m³/h at 50Pa. The simulation was 
undertaken at a frequency of 1Hz as this was considered the worst-case scenario, 
given that it yields a higher phase shift as compared to simulations undertaken at 
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lower frequencies. Apart from the mean PEP values, the variance of the PEP 
throughout the time sequence is reported by means of the standard deviation. The 
results indicate that the analytical approach overestimates the pressure 
equalization as compared to that provided by the numerical model based on 
conservation of mass flow. When the airtightness of the rain screen approximates 
the airtightness of the air barrier, the lag between cavity pressure and exterior 
pressure increases up to the point that air can start flowing back from the cavity 
to the exterior. This effect disappears at lower frequencies.  
 
Figure 4.3 PEP as a function of Aab/Ars based on analytical (colored) and numerical 
(black) approaches for varying flow exponents. 
4.3 Experimental setup 
To evaluate the likelihood of pressure equalization for a generic wall assembly 
during rain events, an experimental setup was fabricated consisting of two 
parallel vertical acrylic plates, as an abstraction of a typical wall configuration 
incorporating a drainage cavity.  This setup was constructed in collaboration 
with the Institute for Research in Construction, a part of the National Research 
Council Canada. A detailed description of the test apparatus, test specimen and 
the test protocol adopted to extract information useful in the validation of the 
numerical model is presented in this section. The review of results and validation 
of a numerical model is provided in the subsequent section. 
4.3.1 Test apparatus 
An overview of the test setup is presented in figure 4.4. On the right hand side 
there is an aluminum metal chamber of approximately 610mm by 610mm in size 
and of 230mm depth, refer to figure 4.6 (a). The pressure within the chamber can 
be controlled by means of a variable velocity fan and a pressure actuator. The fan 
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allows creating a static pressure in the chamber, whereas a computer controlled 
electro-mechanical pressure actuator allows imposing sinusoidal pressure 
fluctuations capable of attaining amplitudes of up to 480Pa and frequencies of 
2Hz, see figure 4.6 (b). The air flow generated by the fan was measured by 
means of a laminar flow element and the variation of pressure difference during 
static testing was never greater than 2.8% or 2Pa. The pressure chamber is also 
comprised of an adjustable spray rack onto which a water spray nozzle can be 
mounted (figure 4.7) and drainage at the base of the chamber is achieved through 
a siphon to avoid air losses (refer to figure 4.4). To achieve pressurization in the 
chamber, one side was closed by means of a polycarbonate plate, and on the 
other side was placed the test specimen which was assembled in an aluminum 
frame of the same size as the chamber. Pressure taps were installed in the 
pressure chamber as well as in the cavity between the internal and external plates 
and each tap was connected to a pressure sensor. The error of the pressure 
sensors was limited to 4.3% of the maximum sensor scale or 5.6Pa, whichever 
was greater. The error on the water flow rate that was sprayed onto the specimen 
was 2.6% or 0.006L/min. 
 
Figure 4.4 Schematic of test apparatus and experimental setup 
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Figure 4.5 Schematic of the deficiencies in the exterior plate. Only the results for the 
circular deficiencies are reported here. 
4.3.2 Specimen 
The specimen was comprised of two vertical parallel polycarbonate plates, the 
plates being affixed to either side of a square wood frame (600 mm by 600 mm) 
comprised of 38 mm by 100 mm members.  The exterior plate was exposed to 
the water spray and the internal plate acted as an air barrier. The cavity between 
external and internal plates was 100mm and the specimen thus represented a 
pressure moderated façade system. Different types of openings placed in the 
external plate were meant to replicate deficiencies in an external cladding; these 
included a series of round holes, respectively, of 4 mm (4 holes) and 8 mm (3 
holes) diameter, as shown in figure 4.5 and 4.7. A series of circular openings of 
different diameter located in the internal plate permitted controlling the degree of 
air leakage through the air barrier.  Water that entered through any of the 
deficiencies during a test sequence was drained at the base of the assembly into a 
collection trough in which was placed a capacitance-based electronic level 
sensor (± 1 mm). 
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Figure 4.6 (a) Pressure chamber and back plate with adjustable airtightness, (b)Pressure 
actuator that generates sinusoidal pressure fluctuations 
 
Figure 4.7 Flat fan nozzle spray aimed just above the three 8mm Ø deficiencies. 
4.3.3 Test protocol 
The test protocol consisted of: (i) undertaking pressure characterization tests on 
the test specimen to determine nominal test conditions to achieve the specified 
differential pressure across the external plate in relation to the number and size 
of deficiencies and air leakage conditions across the interior plate; (ii) subjecting 
the deficiencies to simulated conditions of Wind driven rain by means of 
pressure differences across and water spray onto the external plate. Spray rates 
used were those applied in test protocols; 2.0 L/min.m² is typical for European 
watertightness tests [194], whereas 3.4 L/min.m² is characteristic for North-
American standard test protocols [153]. The scenario investigated in this study 
was that of a water rundown condition from a 3 meter tall window. This allowed 
converting the water spray rate intensity (L/min.m²) to a water runoff intensity 
(a) (b) 
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(L/min.m), taking into account the width of the water deposition area on the 
specimen. 
Cornick and Lacasse [33] calculated boundary conditions for watertightness 
testing for 5 cities in the US based on extreme value analysis (wind pressure 
fitted to Gumbel distribution), taking into account the co-occurrence of rain and 
wind. Based on that analysis the range of the test pressures was determined (peak 
test value was only surpassed by the one-minute averaged value for one location 
for a probability of 0.99999). The test specimens were subjected to pressure 
differences of 0, 200, 400, 600 and 800Pa. For the dynamic testing, the samples 
were subjected to the same mean pressures, but with pressure fluctuations of 
20%, 33%, 50% and 80% for frequencies of 1Hz, 0.33Hz, 0.2Hz and 0.1Hz 
(corresponding to 1s, 3s, 5s and 10s respectively). An overview of the water 
entry test program is presented in table 1. 
 
Table 4.1. Water entry test program under static and dynamic boundary conditions. 
Deficiencies 
Spray 
rate  
[L/min] 
Pressure conditions 
[Pa] 
Pressure  
frequency 
[Hz] 
Air 
leakage 
condition 
4x4 mm Ø 
 
2.0 
400 ± 80, ±133, 
±200, ±320 
0.1, 0.2, 0.333, 
1.0 
0 
1x4 mm Ø 
2x4 mm Ø 
600 ± 120, ±200, 
±300, ±480 
0.1, 0.2, 1.0 
0 
2x4 mm Ø 
3.4 
400 ± 80, ±133, 
±200, ±320 
0.1, 0.2, 0.333, 
1.0 
0 
2x4 mm Ø 
3x8 mm Ø 
 
2.0 
400 ± 80, ±133, 
±200, ±320 
0.1, 0.2, 0.333, 
1.0 
0 
2x4 mm Ø 
600 ± 120, ±200, 
±300, ±480 
0.1, 0.2, 1.0 
0 
2x4 mm Ø 
3.4 
400 ± 80, ±133, 
±200, ±320 
0.1, 0.2, 0.333, 
1.0 
0 
2x4 mm Ø 
4.4 Validation 
The experimental setup fabricated permitted validating the numerical mass flow 
model, allowed varying the airtightness of the rain screen (external plate) and the 
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air barrier; however the volume of the cavity behind the rain screen was fixed 
(deflection of plates due to pressure increase is negligible). Apart from the 
intentional openings placed in the internal plate to vary the airtightness of the air 
barrier, there was also limited unintentional air leakage at the perimeter of the 
interior and exterior planes. Due to the thickness of the polycarbonate plates, the 
air flow through the deficiencies deviated from the assumption of orifice flow. 
The specific configuration did not allow determining a power law function for 
every component of each different test condition. The extraneous air loss was 
measured separately for the rain screen (sealed), the air barrier (sealed), and the 
different distinct deficiencies placed in the rain screen (external plate). The 
extraneous air flow tended to be laminar in nature, whereas the airflow through 
the deficiencies (4mm and 8mm diameter openings) was typically turbulent. The 
extraneous air leakage might have changed slightly throughout the testing period 
due to repeated mounting and disassembling of various components. However, 
for the average pressure difference the extraneous air losses were at least 10 
times smaller than the air flow rates through the intentional openings in the rain 
screen and air barrier. For validation purposes, the model, described in section 
4.2.2, comprised two mass flow functions for the rain screen (deficiency and 
extraneous) and similarly two for the air barrier.   
 
An example of the expected variations in pressure at the exterior of the specimen 
(Pe) and in the cavity (Pc)when the specimen is subjected to a sine wave pressure 
fluctuation is given in Figure 4.8. The sine function of the pressure fluctuation 
shown in the figure had a mean pressure of 400Pa and an amplitude of 320Pa for 
a specific configuration (V=0.021m³, T=15°C, CRS1=0.19m³/h, nRS1=0.51, 
CRS2=0.0004m³/h, nRS2=1, CAB1=0.1m³/h, nAB1=0.5, CAB2=0.0056m³/h, 
nAB2=0.75, P0=101325Pa, f=27.7Hz). 
 
 
 
Figure 4.8 Validation of PE model. 
As was previously indicated, pressure moderations could be very sensitive to 
uncertainties of the input parameters. The degree of sensitivity was evaluated by 
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means of 100 Monte-Carlo runs for 5 variable input parameters (average value 
indicated between brackets): Ars (1m³.h), nrs (0,5), Aab (0,1m³/h), nab (0,8) and V 
(0,1m³) with an external pressure Pe=400 +200*sin(2πt/10). For each of the 5 
variables an absolute error of 5% was applied, corresponding to a 95% 
confidence interval. All errors were presumed uncorrelated. Subsequently, the 
parameters were varied based on an inverse normal distribution. When the case 
for “no uncertainty” of input parameters was considered, the calculation yielded 
an average PEP of 75%, and throughout the pressure loading, 68% of the time (2 
standard deviations) the PEP lay between 73% and 77%. The minimum and 
maximum values were 62% and 100% respectively. The black solid lines in 
figure 4.9 show the cumulative distribution of the mean PEP from the Monte-
Carlo analysis and the corresponding standard deviations in time. Even though 
the variables are normally distributed, there is a clear shift towards lower values 
for PEP. In fact, 61% of all cases have a lower PEP than that obtained from the 
simulation using the average parameters. Even though the input parameters are 
normally distributed, the results are clearly negatively skewed. The relative 
variance of the PEP throughout the time sequence shows a small decrease for 
increasing mean PEP: a higher PEP results in a smaller phase shift, which in turn 
limits the variance of the PEP over time. Furthermore, the PEP shows a clear 
correlation with the ratios of the flow coefficients on one side, and the flow 
exponents on the other side, and the flow coefficients are the dominating 
influence (indicated on the secondary y-axis in figure 4.9). The sensitivity of the 
model towards small changes in input parameters was evident in the validation. 
Some air flow measurements on components of the test setup diverted slightly 
from a power law function at higher pressure differences due to geometrical 
deformation. Consequently, the flow coefficients and flow exponents were 
derived based only on the range of pressures that act on that specific component 
(derived from measurements). Excluding specific points outside the applied 
pressure range for the power law fitting yields differences up to 20% on flow 
coefficients and 4% on flow exponents. Based on the distribution of the results, 
the 95% confidence interval corresponds to an uncertainty of 33.4% on the 
average pressure on the outer plane, and an uncertainty of 11.1% on the value 
calculated for the PEP (for a high PEP the relative error in ΔPrs is significantly 
reduced). 
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Figure 4.9 Results of Monte-Carlo analysis indicate that a 5% error on the input 
parameters results in an uncertainty of 33.4% for the case considered in this study. 
 
 
Figure 4.10 Validation of the semi-implicit model based on 54 measurements 
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For the purpose of model validation, a series of pressure measurements were 
conducted with a fixed volume (V=0.021m³) and mean pressure (400Pa), and 4 
variable parameters that included: Ars (201mm², 603mm²), Aab (0mm², 15.7mm², 
25.1mm², 50.3mm², 100.5mm²), amplitude of imposed cyclic loads (80, 133, 
200, 320Pa) and the frequency of imposed loads (0.1Hz, 0.2Hz, 1Hz). Not all 
combinations were tested, and note that the extraneous air loss also affects the 
Aab/Ars ratio. Based on 54 validation measurements, the difference between the 
measured and simulated pressure over the rain screen is 8±6Pa (see Figure 4.10). 
For the 10 cases where Aab/Ars is close to 0.5, the mean pressure over the rain 
screen is overestimated by 8Pa up to 23Pa by the simulation model. Due to the 
sensitivity of the physical phenomenon to leakage variation, and the practical 
limitations set by the measurements errors, it was not feasible to determine the 
cause of this difference. 
  
Furthermore, although all pressure sensors were calibrated, it was found 
afterwards that the pressure in the cavity was systematically about 4Pa higher 
than the pressure on the exterior side for isobaric conditions in the pressure range 
considered here (which explains the experimental PEP values above 100% in 
figure 4.10). The mean pressure is mainly influenced by the Aab/Ars ratio, 
whereas the variation of the pressure difference across the rain screen is affected 
to a greater extent by the compression of the air and the vent ratio Ars/V. Figure 
4.11 reports the standard deviation of the pressure over the rain screen for the 54 
validation cases. A larger phase shift increases the variance of the pressure drop 
across the rain screen, which renders it more appropriate to evaluate how the 
model simulates the ideal gas law behavior. In most cases, the simulated 
variability of the pressure drop across the rain screen differs less than 5Pa with 
the measured data, but the model shows a slight overestimation. In figure 4.8 it 
can also be observed that there is a slight overestimation of the phase shift in the 
numerical model, which corresponds to the overestimation of the variance 
evident in figure 4.11.  
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Figure 4.11. Validation of the pressure variance during dynamic conditions due to phase 
shift 
4.5 Pressure equalization in wet conditions 
4.5.1 Air flow rates and compression 
During rain events water may occlude deficiencies in the rain screen, which 
might influence the pressure equalization (PE) of the assembly. As a first 
approach, the occlusion could be interpreted as an increase of the Aab/Ars ratio, 
that in turn, reduces the degree of PE in the cavity. During testing the mean 
pressure was mainly affected by the Aab/Ars ratio, whereas the variation of the 
cavity pressure caused by the pressure moderation of the imposed pressure 
fluctuation was determined by the time shift (primarily function of vent ratio). 
Consequently, it is expected that the occlusion of deficiencies will affect both 
phenomena. 
 
Incomplete pressure equalization under a static pressure difference renders a 
continuous air flow into the cavity to compensate for the air flow through the air 
barrier. Water occluding the openings blocks a portion of the air flow, and might 
reduce or indeed completely eliminate PE in the cavity. To obtain some sense of 
the order of magnitude of the air flow rates through the deficiencies in the 
exterior plate, under a 400Pa static pressure difference the 4*4mm diameter 
deficiencies transfer 0.52m³/h for the setup without vents in the back plate (only 
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extraneous air leakage, PEP 98%) and 2.13m³/h for the setup with 2 by 4mm 
diameter deficiencies in the back plate (PEP 72%). Although the pressure across 
the rain screen changes from 6.9Pa to 112Pa when deficiencies were introduced 
in the air barrier (about 16 times higher), the air flow through deficiencies in the 
rain screen was only 4 times higher due to the flow exponent being 0.5 for the 
large openings. In such instances, the largest volume of water that infiltrated 
through the 4mm diameter deficiencies was less than 0.003m³/h; the volume of 
water that infiltrates is several orders of magnitudes smaller than the required 
volume of air flow to compensate for the air loss through the air barrier. Thus, 
the pressure moderation is only affected by the air flow through the deficiencies, 
the volume flow due to water ingress is negligible. Furthermore, under static 
pressure differences the 4mm deficiencies are occluded up to 400Pa (PEP 0%), 
and water ingress was only observed at 600 and 800Pa. The surface tension of 
the meniscus on the interior side of the front plate defines a pressure threshold 
that determines at which pressure water will enter into an assembly. When water 
runoff is flowing down on the exterior side of the deficiency, the contact angle of 
the meniscus on the interior side will change until the Venturi effect, hydrostatic 
pressure, and capillary pressure in the deficiency are balanced with the surface 
tension of the meniscus. Once the threshold pressure is superseded, the water 
infiltration rate increases in proportion to increases in pressure difference across 
the opening. More information on the phenomenology of water ingress and 
infiltration rates is reported in the next chapter. 
 
Under dynamic conditions, an oscillation of the exterior and cavity pressure was 
imposed upon the static pressure difference. Due to the turbulent flow through 
the deficiencies in the rain screen, the overall air flow rate would be slightly 
lower compared to that obtained under a static pressure difference. When the 
pressure in the cavity rises, the volume of air is compressed and an additional 
volume flow is required to compensate this volume change. For the extreme 
cases with the largest phase shift (large amplitude, high frequency, high Aab/Ars 
ratio) the air flow rate generated exclusively to compensate for the volume 
change was 2.39m³/h, whereas 0.026m³/h was the air flow rate for a 80Pa sine 
wave fluctuation at 0.1Hz without phase shift. Consequently, the volume of 
water that infiltrates was much smaller than the volume of airflow required to 
equalize the dynamic component of the pressure in the cavity.  
 
The dynamic flow rate can thus be larger than the static air flow rate, particularly 
when no deficiencies are present in the air barrier. In those cases the pressure in 
the cavity becomes higher than the exterior pressure, pushing the water in the 
deficiency outwards. Although the peak dynamic component of 2.39m³/h only 
occurs for a period of 0.1s (fixed time step was assumed to calculate peak air 
flow rates), the corresponding volume change (66cm³) is much larger than the 
volume of the deficiencies (0.48cm³ and 1.44cm³ for the 4mm and 8mm 
respectively). Based on the entire dataset, the water infiltration rates under 
dynamic boundary conditions showed the best correlation with the 90
th
 percentile 
of the pressure difference over the rain screen. Tests undertaken under dynamic 
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boundary conditions caused much greater water infiltration rates than those 
undertaken in static conditions. For similar pressures, the dynamic pressures 
yield water infiltration rates up to 8 times higher than those achieved under static 
conditions. Consequently, the application of a cyclic test sequence during 
watertightness testing on rain screen systems compared to a static test sequence, 
may lead to much higher water infiltration rates. As a result, the cyclic test 
sequence may lead to failure at a lower pressure when the amount of water 
ingress is the dominant factor that determines the overall performance in respect 
to watertightness (e.g. when the drainage capacity is superseded). 
4.5.2 Pressure equalization and water entry through 4 mm 
diameter deficiencies 
The specimen with the 4*4mm deficiencies was subjected to a mean pressure of 
400 Pa with varying frequencies and amplitudes, a water spray rate of 2.0L/h.m², 
and two 4mm deficiencies were present in the air barrier. The degree of pressure 
equalization during wet conditions was on average 21±4 % lower than the degree 
of pressure equalization in dry conditions. The 4mm deficiencies became 
occluded and inhibited attaining pressure equalization. One could assume that 
the water that occluded the opening was pushed across the opening during a 
pressure increase, thereby allowing air to infiltrate and thus equalize the pressure 
in the cavity. This would also mean that a specific volume of water infiltrates 
every period, and increasing the frequency would then result in a proportional 
increase in water ingress. However, the measured infiltration rates were not 
affected by the test frequency, nor was the average degree of PE. Detailed 
analysis of the phenomenology indicates that for leaky configurations with high 
air flow rates there is a continuous breaching of the meniscus. Measurements 
show that larger amplitudes result in reduced pressure equalization performance, 
but this effect is mainly caused by the non-linear behaviour of the flow rates as a 
function of pressure difference as was confirmed through numerical simulations. 
The water ingress measured under dynamic pressure loads shows a downward 
trend for increasing amplitudes, consistent with the pressure across the rain 
screen. ,The water infiltration rate only correlated positively with the amplitude 
at test frequencies of 1Hz, contrary to the mean pressure. At higher frequencies, 
the time shift was greater and the variation of the pressure across the rain screen 
increased (measured and simulated variances were equal). In respect to pressure 
equalization, there was no significant difference between the measurements 
conducted with a spray rate of 3.4 L/min.m² and 2.0 L/min.m².  
 
The pressure difference across the rain screen was on average 166±43 Pa in the 
measurements, whereas the numerical simulations yielded a pressure difference 
of 111±41 Pa. When the exterior pressure had a mean value of 600 Pa, the 
simulated PE was identical to the case with 400Pa, but the measured PE rises 
from 79% to 86%. The increase in absolute pressure difference over the rain 
screen yielded significantly higher air flow rates, which increased the continuous 
breaching of the meniscus and resulted in a higher PEP. 
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When the two deficiencies in the air barrier were closed, the difference between 
dry and wet conditions was significantly reduced. The PEP was about 10% lower 
than expected only for tests undertaken at a frequency of 0.1 Hz, whereas for all 
the other frequencies the simulations showed good agreement with the 
measurements. This results in a mean pressure over the rain screen between 30 
and 40 Pa at 0.1 Hz, or 2 to 3 times higher compared to the other frequencies. 
However, water infiltration rates show a good correlation with the 90
th
 percentile 
of the pressure differences. For the leaky configuration this 90
th
 percentile of the 
pressure difference was mainly determined by the mean pressure difference 
across the sample, whereas for the airtight case the pressure fluctuation was 
dominant over the mean pressure difference. Contrary to the previous setup, the 
presence of water did increase the phase shift in this instance: the variance of the 
pressure across the rain screen during testing was higher than expected. The 
airtight case generates lower air flow rates, and as the pressure across the rain 
screen decreases, the relative effect of other driving forces, such as the runoff 
rate, increases. Similar to the setup with air leakage, higher amplitudes result in 
equal or slightly lower infiltration rates (except at 1 Hz). When the air barrier is 
airtight, the mean exterior pressure did not significantly affect the degree of 
pressure equalization.    
4.5.3 Pressure equalization and water entry through 8 mm 
diameter deficiencies 
For the 8 mm deficiencies in the rain screen and two 4 mm diameter vents in the 
air barrier, the pressure equalization was only 4±1% lower than during dry 
conditions. Compared to the 4mm diameter deficiencies in the rain screen, the 
Aab/Ars ratio was lower, and due to the size of the deficiencies occlusion of the 
openings was less likely. A smaller time shift reduces the pressure drop over the 
rain screen, and the variance was likewise smaller. When the water supply was 
increased from 2.0 L/min.m² to 3.4 L/min.m², the PE was 7±1% lower compared 
to dry conditions. The effect of water on the PE was most pronounced for 
frequencies 0.1, 0.2 and 0.33 Hz: at 1 Hz the difference between dry and wet 
conditions was very small. Similar to the results for the 4 mm diameter 
deficiencies, the effect of the runoff film is most pronounced for small pressure 
differences across the rain screen. The amplitude had no significant effect on the 
PEwet/PEdry ratio: equalization occurred so rapidly that the mean pressure and 
variance over the rain screen was very small. Similar to the 4 mm diameter 
deficiencies the frequency has no effect on the water infiltration rate, but as well, 
the amplitude was of no account in this instance. The average pressure difference 
over the rain screen was 28±11 Pa in the measurements, 11±6 Pa in the 
simulations. The water ingress was greater at 1 Hz and 0.33 Hz, and only at 1 Hz 
the water infiltration increased for increasing amplitude. Without any 
deficiencies in the air barrier, the PE is always close to 100%, regardless of 
amplitude and frequency. When the exterior mean pressure was raised from 400 
to 600 Pa, the PE was not affected. 
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4.5.4 PEP prediction in wet conditions 
Water that occluded deficiencies affected the mean pressure difference (higher 
Aab/Ars ratio) across the rain screen as well as the dynamic component by 
introducing an additional resistance to rapid pressure equalization. Although 
permanent occlusion was found for the 4mm diameter deficiencies up to 600Pa, 
this effect was eliminated under dynamic conditions. The air flow rates required 
for pressure equalization were much higher than the amount of water that 
infiltrated, so air transfer was still the dominant phenomenon for pressure 
equalization. 
 
Increasing the amplitude of the pressure fluctuation decreased the degree of 
pressure equalization, and hence resulted in higher pressure differences over the 
rain screen. Higher frequencies caused larger phase shifts and pressure variance.. 
The phenomenology of occlusion and the interaction of air and water is highly 
complex and currently too little information is available to describe these 
processes in a physical model. Given that the numerical mass flow simulation 
model used in this study does not account for the presence of water, the degree 
of PE is overestimated under wet conditions. The error between the measured PE 
and those derived from simulations shows a clear correlation with the values 
obtained for the simulated PE. The most straightforward way to account for this 
effect is to derive a power function for values of the simulated PE: the mean 
difference between PEdry
1,7
 simulated on one side, and the measured PEwet on the 
other side is 2.7%. Figure 4.12 shows the measured PE as a function of simulated 
PE for 129 configurations (varying Ars, Aab, amplitude, frequency, water spray 
rate and mean pressure difference). Note that the configurations that yield a 
simulated PE between 0.7 and 0.75 correspond to an Aab/Ars ratio close to 0.5. As 
indicated in figure 4.10, the simulations underestimate the PE for these 
conditions (probably due to inaccurate airtightness measurements), which would 
introduce a horizontal translation of the data to the right of their current location 
on the figure. In figure 4.3 the dash-dot line shows the mean PE under wet 
conditions, as compared to the simulations for a dry setup. Evidently, the scope 
of the approximation is limited to the configuration examined here, and should 
be investigated for other conditions as well. Two configurations with the same 
Ars can behave completely differently in terms of capillarity, surface tension and 
occlusion.  
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Figure 4.12 Pressure equalization during dry (simulated) and wet (measured) conditions. 
 
At a test frequency of 0.1Hz, given that the rate of pulsation is very low, the 
deficiency becomes occluded only if the air barrier is tight. In instances when the 
air barrier is leaky (i.e. with 2*4mm diameter deficiencies) , the continuous 
inward air flow through the assembly prevents water occlusion at the deficiency. 
For all test configurations, those tests undertaken at higher pressure amplitudes 
led to a slight increase in mean pressure difference across the rain screen. 
However, irrespective of the increase in mean pressure difference across the rain 
screen there is, in general, no corresponding increase in the rate of water 
infiltration; in fact a strong correlation of water infiltration to pressure amplitude 
is only achieved for the air tight case at test frequencies of 1Hz (4mm and 8mm 
Ø) and 0.33Hz (8mm Ø).   
4.6 Guidelines 
Defining specific guidelines on rain screen design, cavity volumes and required 
airtightness levels lies beyond the scope of this thesis, given that for every 
building component practical constraints limit the applicability of generic 
guidelines. The design of window frames requires different focal points and the 
corresponding performance when subjected to specific boundary conditions will 
respond differently compared to e.g. prefabricated wall systems. As well, generic 
guidelines would need to cover a very wide range of Aab/Ars and Ars/V ratios, 
evaluated for different mean pressures, frequencies and amplitudes. Furthermore, 
reducing the pressure over the rain screen to an absolute minimum is perhaps not 
a necessity for all types of rain screen cladding. Watertightness is a trade-off 
between pressure moderation, buffering and drainage capacity. It has not yet 
been demonstrated that a certain degree of pressure equalization is required to 
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obtain good watertightness, and likewise, whether or not existing wall 
assemblies that have proven their performance do indeed comply with the 
guidelines found in literature is unclear. In this section the sensitivity of typical 
wall assemblies and components that have proven their performance in respect to 
watertightness in practice is evaluated to investigate which types of building 
components would obtain poor pressure equalization. From a theoretical point of 
view, these would then be most susceptible to water entry and premature failure. 
 
Publications on pressure equalization comprise very little information on the 
airtightness characteristics of realistic configurations found in practice, because 
typically generic vents are installed for validation purposes in the experimental 
setups. In order to evaluate the design of pressure equalized systems, the 
parameters applied in the simulations should correspond to values found in 
practice. Data on the typical airtightness of the rain screen and the corresponding 
cavity volume are reported in table 4.2 for 6 case-studies: precast concrete 
panels, masonry brick walls without vents (good and poor workmanship; A and 
B), spandrels, windows and curtain walls. The cavity volume for the brick walls 
was conservatively set to 0.2m³/m² (volume of insulation is neglected by 
assuming e.g. mineral wool), for the window a typical turn-and-tilt window of 
1m by 2m was considered. The volume of the curtain wall system was calculated 
based on a two-storey configuration with bays of 2m wide, and the only 
penetration in the rain screen was a single weep hole. In practice the aluminum 
strip which fastens the glass to the mullions is often perforated, but in some cases 
the joint between the panels is taped. Consequently, only the nozzle was 
considered in calculating the vent area as a conservative approach. 
  
For the different configurations two airtightness levels were considered: one 
level of airtightness was selected to reflect poor quality, whereas the second level 
was representative of good construction practice. The air leakage of the concrete 
panels and masonry brick walls was set to 12m³/h.m² at 50Pa, which is the 
conservative default value for airtightness of building components as described 
in the Belgian energy calculation methodology. Subsequently, a value of 
1m³/h.m² was assumed for good practice (e.g. applicable for passive houses). For 
the spandrels and curtain walls [226], and windows [227], the poorest and the 
best airtightness classes in the respective standards were adopted. When no other 
information was available, conversion to orifice area was done assuming a 
discharge coefficient of 0.61 and a flow exponent of 0.5. The flow exponent of 
the air barrier was set to 0.65, which is typical for airtightness measurements in 
buildings. The most important parameters for pressure equalization are Aab/Ars 
and the ratio of the rain screen vents over the volume of the cavity; both are 
reported in table 4.2. Based on the results reported in figure 4.3, it is expected 
that the precast concrete panels would show good pressure equalization, whereas 
the window and cavity wall A would probably result in very poor pressure 
equalization.  
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Table 4.2. Overview of case-study parameters 
Configuration V [m³] Ars [m²] Aab/Ars 
leaky [-] 
Aab/Ars 
tight [-] 
Ars/V 
[m-1] 
Concrete panel 
[228] 
0.136 0.0754m² 0.008 0.001 0.556 
Brick wall A [229] 0.200 0.221*10-3 2.77 0.461 0.0011 
Brick wall B [229] 0.200 1.24*10-3 0.493 0.082 0.0062 
Spandrel [230] 0.140 0.324*10-3 0.136 0.047 0.0023 
Window [231] 0.000924 0.250*10-3 6.44 0.385 0.271 
Curtain wall [232] 0.009680 0.133*10-3 0.332 0.114 0.0137 
 
To evaluate the performance of the different configurations, the pressure 
equalization for these configurations was simulated under realistic boundary 
conditions. For a 30m building located in a class III surrounding (typical for e.g. 
a village) and reference wind speed of 27m/s, the 1minute-averaged pressure 
with a return period of 30 years is 601Pa, whereas the 3-second peak value is 
789Pa (chapter 3). Consequently, the pressure equalization is evaluated for a 
mean pressure of 600Pa and a sinusoidal pressure fluctuation of 200Pa around 
the mean, for a frequency of 1Hz. This analysis is based on a one-dimensional 
approach assuming no pressure gradients over the façade. 
  
 
Figure 4.13. Pressure equalization and pressure difference over the rain screen for 6 
case-studies with good and poor airtightness. 
Brick wall A, the window and curtain wall system have very high Aab/Ars ratios, 
which typically result in poor pressure equalization. Based on the vent ratio, it is 
expected that the spandrel and brick walls will result in significant phase shifts 
when subjected to pressure fluctuations. Depending on the type of component 
considered, the ratios of the important parameters as indicated in table 4.2 shift 
dramatically. Windows, walls and curtain wall systems are characterized by a 
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wide range of vent ratios and Aab/Ars ratios. The pressure equalization is reported 
in figure 4.13, as well as the standard deviation due to the phase shift. Note that 
the simple approach based on a power law function to account for the effect of 
wet conditions as discussed in section 4.5.4 is applied here. The black marks 
show the mean pressure difference over the rain screen for dry conditions, 
whereas the red marks indicate the pressure for wet conditions. For the latter the 
standard deviation due to phase shift is also indicated. Regardless of the 
airtightness, the vent area of the concrete precast panels is so high, that the 
airtightness has no effect. The airtightness of the wall is an important parameter 
for the brick walls, which also display significant pressure fluctuations due to the 
low vent ratio. Even for the airtight configuration, brick wall A is subjected to 
significant pressure differences, which indicates that drainage openings and 
vents are indispensable to achieve adequate pressure equalization. The 
airtightness of the brick walls A and B corresponds to vent areas of about 2cm² 
and 12cm² per square meter respectively. When the interior wall is airtight, the 
increase in vent area eliminates the pressures across the rain screen, but for a 
leaky configuration more vents would be needed. Note that typical cavity brick 
wall construction in Belgium, do not comply with these requirements, even 
though it is generally acknowledged that these have an outstanding performance 
in respect to watertightness. The spandrel and curtain wall show a similar 
behavior: a good airtightness is required to eliminate large pressure differences 
across the rain screen. Note that the pressures across the spandrel rain screen can 
solely be attributed to the low vent ratio. The results indicate that spandrels and 
curtain wall systems with poor airtightness might give rise to significant driving 
forces, for which the drainage capacity requires additional attention to reduce the 
risk on water ingress to the interior. Tests on such a curtain wall indicate that 
good performance is still obtained [232]. The leaky window shows no pressure 
equalization at all, but more importantly, even the airtight window shows poor 
pressure equalization and high pressures over the rain screen. Given the fact that 
the vent ratio is high and the best airtightness class is assumed, the vent area 
should be larger to increase the watertightness performance. Watertightness of 
window frames will be discussed in chapters 6 and 7; good performance is often 
recorded for windows that fail to meet the guidelines in respect to PEP. 
4.7 Conclusions 
Pressure equalization is often applied in façade design to reduce the risk of water 
ingress to the wall assembly. Although the behavior of pressure equalized 
systems has been analyzed and documented extensively in literature, the author 
is not aware of any publication on pressure equalization in wet conditions. 
Consequently, the actual behavior and pressure equalization of these systems 
during rain events is uncertain. An experimental setup was fabricated to measure 
the degree of pressure equalization and water ingress under both static and 
dynamic pressure conditions with varying vent ratios, Aab/Ars ratios, mean 
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pressures, frequency, amplitude and water spray rate. A numerical model based 
on mass balance and the ideal gas law was developed and validated for dry 
conditions. Results from a Monte-Carlo analysis of the simulation results 
indicated that pressure equalization is very sensitive to variations in flow 
coefficients and exponents. For the experimental configuration considered in the 
study described in this chapter, a 5% error on the input data (95% confidence 
interval), resulted in a corresponding uncertainty interval of 33.4% on the mean 
pressure over the rain screen. 
 
Tests on 4mm and 8mm diameter deficiencies show that the presence of a water 
runoff film has a significant effect on the pressure equalization of the cavity. For 
leaky configurations, there is a continuous air flow to the cavity which causes a 
continuous breaching of the water meniscus in the deficiency. Larger amplitudes 
result in lower pressure equalization performance, but this effect is mainly 
caused by the non-linear behavior of the flow rates as a function of pressure 
difference. Only for configurations with good pressure equalization, the pressure 
across the rain screen is affected by the water spray rate. It was shown that 4mm 
diameter deficiencies were easily occluded, which yielded pressure equalization, 
on average, 21% lower as compared to that achieved under dry conditions. For 
8mm diameter deficiencies it was shown that these were too large to be occluded 
with water, and consequently the difference in respect to PEP between dry and 
wet conditions was 4% and 7% for water spray rates of 2.0L/min.m² and 
3.4L/min.m² respectively.   
 
The error between the measured PE in wet conditions and simulations for dry 
conditions shows a clear correlation with the simulated PE. The most 
straightforward way to account for this effect is to introduce a power function: 
the mean difference between simulated PEdry
1,7
 on one side, and the measured 
PEwet on the other, is only 2.7%. 
 
An analysis of several façade components such as precast concrete panels, 
masonry brick walls, a spandrel, windows and curtain wall systems, indicates 
that a lack of specific design guidelines may introduce significant pressures 
across the rain screen, which may stress the drainage capacity of the system and 
increases the risk for water ingress. The precast concrete system showed good 
pressure equalization given the high vent ratio. The brick walls on the other 
hand, are sensitive to the airtightness of the inner wall and require sufficient 
drainage or vent holes to achieve adequate performance. Furthermore, the large 
cavity and low vent ratio results in a significant phase shift and corresponding 
pressure fluctuation. The spandrel and curtain wall systems show good 
performance for airtight configurations, but the low vent ratio results in a 
significant time lag and increased pressure fluctuations over the rain screen. 
Finally, the window shows poor performance, even when the best airtightness 
classification is achieved. Guidelines found in literature on vent ratios for 
windows seem insufficient. However, several components have proven their 
performance in the field and in lab conditions. Performance evaluation of 
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building components based on pressure equalization alone does not provide a 
reliable appraisal of the actual performance. The concept of pressure equalization 
can and should be used when analyzing watertightness of rain screen systems, 
but it is not the only parameter, and neither perhaps is it the dominant parameter.  
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5 
Principles of water ingress 
5. PRINCIPLES OF WATER INGRESS 
After designing a new test protocol in chapters 2 and 3, the fourth chapter 
focused on the principles that describe pressure equalization, or the lack thereof, 
in rain screen wall systems. Good pressure equalization might reduce one of the 
driving forces that induces water through deficiencies, but how important is 
pressure equalization? Which parameters will determine whether or not water 
will infiltrate, and how much water will infiltrate? In this chapter the principles 
of water ingress are investigated. An experimental setup was designed to test the 
effect of water deposition rate and pressure difference on the ingress of water 
through deficiencies. A number of round deficiencies were installed in a vertical 
polycarbonate plate, and the plate was subjected to a range of static pressure 
differences and two water spray rates. Subsequently, sinusoidal pressure 
fluctuations were imposed with varying mean, frequency and amplitude, for two 
levels of airtightness. The phenomenology of the processes that govern the 
infiltration of water is analyzed, based on the balance of forces that act on the 
water at the deficiency. The surface tension of the meniscus on the interior side 
of the deficiency defines a threshold pressure difference before infiltration will 
occur. The Venturi effect of the runoff film increases that pressure threshold, but 
conversely, once infiltration has occurred the runoff film generates a positive 
effect on the infiltration rates. Under dynamic boundary conditions the 
infiltration rates are much higher compared to static conditions, and no pressure 
threshold was evident. The infiltration rates under dynamic boundary conditions 
showed the best correlation with the 90
th
 percentile of the pressure difference 
over the rain screen. Amplitude and frequency have a minor effect, but at 1Hz an 
increase in amplitude yields opposing trends for airtight and leaky 
configurations. The phenomenology of these effects is discussed and visualized 
schematically.  
“Science never solves a problem without 
creating ten more.” 
George Bernard Shaw 
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5.1 Introduction 
Moisture is the most important source of building deterioration, and rain is the 
prevalent source of moisture in building envelopes. Little information has been 
published to date on the mechanisms of water infiltration through openings in 
facades. A better understanding of the mechanisms that govern water flow 
through openings might lead to improvement of the performance of building 
components towards water management, provide a more thorough definition of 
boundary conditions for hygrothermal simulations, and provide more refined 
methods to the design of watertightness test protocols based on a scientific 
approach.  
Water entry testing of several different types of wall assemblies was completed 
in the NRC-IRC Moisture Management for Exterior Wall Systems Consortium 
[202] in which stucco, exterior insulated finish systems (EIFS), brick veneer and 
hardboard and vinyl siding clad assemblies were subjected to simulated wind-
driven rain test conditions. Although infiltration rates were provided for a range 
of pressure differences and spray rates for different types of specimens, the 
information derived from these tests is only useful for the given size of samples, 
deficiencies, location of deficiencies and installation quality. Studies on the 
watertightness of building components [8, 37, 84, 163, 233-236] are typically 
very descriptive and qualitative in nature, and only consider a pass/fail criterion 
without detailed information on infiltration rates or detailed analysis of the 
processes and driving forces.  
Currently, little to no information has been published on the phenomenology and 
driving forces that characterize water ingress through openings in a vertical 
plane. This chapter reports on experimental measurements of infiltration rates 
through notional openings in a polycarbonate plate subjected to a range of 
pressure differences and water deposition rates. As well, the interacting 
phenomena that govern the infiltration of water through deficiencies are 
described and the driving forces quantified. In the first two sections a description 
of  the experimental setup and the phenomenology of the interacting forces that 
affect water infiltration rates are first provided.  Thereafter, the results of water 
infiltration experiments undertaken under static and dynamic pressures are 
reported.  These results are subsequently discussed based on an understanding 
amongst the different effects that control water infiltration at openings that 
include consideration of capillarity, surface tension, Venturi effect and 
hydrostatic pressure. A summary of the study is provided in the conclusions. 
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5.2 Experimental setup 
To determine the rate of water infiltration through openings (deficiencies) in a 
rain screen cladding, a generic wall assembly was fabricated consisting of two 
parallel vertical polycarbonate (transparent) plates, representative of a typical 
wall configuration incorporating a drainage cavity.  The assembly was subjected 
to simulated rain events by means of water deposition with a spray nozzle and 
static or dynamic pressure differences across the rain screen such that average 
pressures and pressure amplitudes could be varied, as could test frequencies, 
airtightness levels and water spray rates. The configuration of the test set-up, as 
well as the test protocol and test program is provided in the next section. 
5.2.1 Configuration, protocol and test program 
An overview of the test setup is presented in figure 4.4, and presented in section 
4.3.1. A series of circular openings of 1 mm (5 holes), 4 mm (4 holes) and 8 mm 
(3 holes) diameter were drilled in the external plate were meant to replicate the 
deficiencies in an external cladding. The rate of water accumulation in the 
collection trough was monitored continuously over the course of a test sequence 
such that the water entry rate in relation to pressure difference applied across the 
test specimen could be readily determined. Spray rates to which specimens were 
subjected were those applied in test protocols; 2.0 L/min.m² is typical for 
European watertightness tests, whereas 3.4 L/min.m² is characteristic for North-
American standard test protocols [19]. For the dynamic testing, the samples were 
subjected to the same mean pressures, but with pressure fluctuations of 20%, 
33%, 50% and 80% for frequencies of 1Hz, 0.33Hz, 0.2Hz and 0.1Hz. An 
overview of the water entry test program is presented in table 1. 
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Table 5.1. Water entry test program under static and dynamic boundary conditions. 
Deficiencies 
Spray rate  
[L/min.m²] 
Pressure conditions 
[Pa] 
Pressure  
frequency 
[Hz] 
Air 
leakage 
condition 
5x1mm Ø 3.4 0, 200, 400, 600, 800 
Static 
conditions 
No air 
barrier 
4x4mm Ø 
2.0 0, 200, 400, 600, 800 
3.4 0, 200, 400, 600, 800 
3x8mm Ø 
2.0 0, 200, 400, 600, 800 
3.4 0, 200, 400, 600, 800 
4x4mm Ø 
 
2.0 
400 ± 80, ±133, ±200, 
±320 
0.1, 0.2, 
0.333, 1.0 
0 
2x4mm Ø 
600 ± 120, ±200, ±300, 
±480 
0.1, 0.2, 
1.0 
0 
2x4mm Ø 
3.4 
400 ± 80, ±133, ±200, 
±320 
0.1, 0.2, 
0.333, 1.0 
0 
2x4mm Ø 
3x8mm Ø 
 
2.0 
400 ± 80, ±133, ±200, 
±320 
0.1, 0.2, 
0.333, 1.0 
0 
2x4mm Ø 
600 ± 120, ±200, ±300, 
±480 
0.1, 0.2, 
1.0 
0 
2x4mm Ø 
3.4 
400 ± 80, ±133, ±200, 
±320 
0.1, 0.2, 
0.333, 1.0 
0 
2x4mm Ø 
 
5.2.2 Influence of Nozzle types 
To assess the effect of the type of water spray nozzle, two types of nozzles were 
evaluated. The first type was a full cone spray nozzle (further on referred to as 
cone) which is characterized by a uniform liquid distribution across a circular 
deposition area, whereas the second type was a flat fan axial spray nozzle 
(further on referred to as flat fan) that produces a sharply defined linear spray 
pattern with a uniform liquid distribution. As this analysis only focuses on 
infiltration due to the effect of water runoff, and not the effect of direct 
impingement of water drops, the water spray was directed at a location on the 
polycarbonate plate just above the deficiencies (lower point of deposition area 
about 2cm above the top of the deficiency). The scenario investigated in this 
study was that of a water rundown condition from a 3 meter tall window. This 
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allowed converting the water spray rate intensity (L/min.m²) to a water runoff 
intensity (L/min.m), taking into account the width of the deposition area on the 
specimen. In the discussion of the experimental results that will be subsequently 
presented, these conditions will, however, be referred as 2.0L/min.m² and 
3.4L/min.m² because these provide a more straightforward reference to standard 
testing protocols. The water spray rate intensity could be altered by changing the 
distance between the nozzle and the specimen, or by changing the water flow 
rate to the nozzle. However, following an initial series of tests, it was determined 
that below a threshold of 0.9L/min the nozzle spray would become unstable; as 
such, the final water spray setup was selected on the basis of the accuracy of 
results from repeated tests for different combinations of flow rate and nozzle 
distance. Furthermore, the 3m height corresponds to typical floor heights in 
office buildings, and is therefore representative for conditions found at interfaces 
located at storey-high non-absorptive components in façades such as e.g. floor-
to-ceiling windows and prefabricated rain screen panels. 
   
Tests undertaken to evaluate the cone spray nozzle indicted that infiltration rates 
reported for the cone spray were significantly lower compared to those for the 
flat fan spray. The analysis was based on 10 static tests for each type of nozzle 
completed for the three deficiencies of 8mm diameter, subjected to pressure 
differences of 0, 200, 400, 600 and 800Pa, and water spray rate intensities of 2.0 
and 3.4L/min.m². For 9 out of 10 tests, the water infiltration due to deposition 
from the flat fan spray nozzle was on average 6.5 (standard deviation 0.9) times 
greater compared to the infiltration due to deposition from the cone spray nozzle. 
In one case the water infiltration was 35 times higher, but this was not 
representative as it related to very small infiltration rates. For the cone spray 
nozzle the center of the circular spray area was obviously further away from the 
deficiency itself (radius of circular area plus 2cm). This distance allowed the 
formation of local rivulets of water that ran down the vertical plate. The path of 
these unstable rivulets meandered over the plate, and did not always cross every 
deficiency. Conversely, the flat fan spray nozzle was aimed only a few 
centimeters above the deficiencies and thus generated a very uniform runoff that 
was still stable when it reached the deficiencies (without rivulets or fingering). 
Furthermore, when the position and spray rate of the nozzle was changed 
(generating the same water spray rate intensity), the flat fan nozzle proved to be 
more robust in respect to resulting infiltration rates. Consequently, all tests 
reported in this chapter were done with the flat fan spray nozzle. 
5.2.3 Measurement Error 
The water that infiltrated into the assembly was collected in a trough with a 
gravimetrically calibrated level sensor having an accuracy of 0.87% or 0.5g (0.5 
ml), whichever was greater. All reported relative errors are defined as the 95% t-
distribution confidence interval derived from calibration measurements executed 
prior to obtaining sample measurements. Pressure taps were installed in the 
pressure chamber as well as in the cavity between the internal and external plates 
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of the assembly. The error of the pressure sensors was limited to 4.3% or 5.6Pa, 
whichever was greater. The error on the water flow rate that was deposited on the 
specimen was 2.6% or 0.006L/min.  
5.3 Phenomenology of water runoff and 
infiltration 
5.3.1 Runoff Patterns 
Before reviewing the results, it is first of importance to describe the forces and 
parameters that affect the infiltration of water through an opening (deficiency), 
and the phenomenology of the processes that occur from runoff to infiltration. 
There is a uniform runoff pattern that reaches the deficiencies, all of which are 
located on a horizontal line. Regardless whether or not infiltration occurs, the 
runoff pattern is affected by presence of deficiencies, specifically: in between the 
set of three adjacent and in line deficiencies of either 4mm diameter or 8mm 
diameter, the water seemed to funnel into rivulets, in a manner as has been 
previously described by Paterson et al. [237]. Conversely, based on visual 
observations, the runoff pattern was typically not affected by the presence of the 
1mm diameter deficiencies. Obviously the water runoff was diverted from the 
deficiency and this will have an influence on the flow pattern, velocity and 
direction of the water in the vicinity of the circular openings. It was concluded 
that the formation of these types of rivulets was mainly determined by variations 
in surface roughness and local imperfections [238]. Although visual observations 
were noted over the course of a test sequence, it was unclear if and when the area 
of the deficiency was covered with water. 
Given that it was evident that from the boring process a brim had formed at the 
edge of each of the deficiencies, the brim, together with the surrounding area, 
was very carefully sanded to avoid variation in surface roughness in proximity to 
the deficiencies). As well, the surface of the polycarbonate plate was 
meticulously cleaned between subsequent tests, and the effectiveness of this 
action was controlled before every test by a visual check of the uniformity of the 
runoff film.  
The uniform film changed into rivulets at the deficiencies by subsequently 
forming diagonal rivulets that delimited the film runoff, as shown in figures 5.1 
to 5.3. The water flow at these outer boundaries is significant, whereas the water 
flow in between these rivulets is very shallow and in terms of flow rates less 
important than the rivulet [239]. Three different modes were recorded: the 
diagonal rivulet was typically located at the top or bottom edge of the 
deficiencies (figures 5.1 and 5.2 respectively), but sometimes the rivulet 
formation occurred below the deficiencies (figure 5.3). In those instances where 
the rivulets formed above the deficiencies, the test was stopped and repeated 
after cleaning the surface. These runoff patterns were typically stable for a period 
between 30s and 15min, but then shifted to another mode as described above. 
This indicates that the flow rate of the water stream lies above the dynamic flow 
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threshold [208]; when the velocity of the water film runoff rises, the Reynolds 
number rises accordingly, and the runoff pattern can become unstable. When the 
inertia of the water flow in the rivulet supersedes the surface tension at the 
border of the rivulet the flow pattern becomes unstable and a new equilibrium is 
found in a different location where the surface tension again supersedes the 
inertia of the flow.   
Tammes and Vos [240] claimed to find hydrostatic pressures due to runoff up to 
100Pa for brick walls, but no information was provided for other substrates, and 
the effect of runoff patterns was not discussed. Perhaps this was caused by the 
hydrostatic pressure of water in the head joints. On the other hand, one can 
question the concept of a hydrostatic water column in a runoff film: perhaps the 
velocity can be high enough to introduce negative pressures on the deficiency by 
means of the Venturi effect. Several approaches were considered to calculate film 
thickness and flow velocity for the configuration considered here such as the: 
empirical-based analytical approach [195], Nusselt solution for film flow [201], 
and minimum thickness for straight rivulets [241, 242]. These three approaches 
were separately applied and calculated for the boundary conditions of this 
experiment. For the water spray rates considered in this study, the calculated film 
thickness varied from 0.14 to 0.42mm, with the corresponding flow velocities 
ranging from 0.06 to 0.44m/s; this in turn resulted in a Venturi pressure between 
2 and 97Pa and this effect was considered to pull water from the deficiency. 
However, it is useful to note that the greatest pressure (i.e. 97Pa) corresponds to 
a straight rivulet (Reynolds number typical below 100), whereas the flow regime 
in the experiments superseded the dynamic threshold and became turbulent in 
nature. Based on test results for braiding patterns [192], it was found that water 
velocities of 1.15m/s and higher are not uncommon for a turbulent straight 
rivulet above the dynamic threshold (Reynolds number > 2790). Based on the 
Venturi effect, this would introduce a pressure of 661Pa. Of note is that the 
problem described in this instance concerns two fluids (air and water), whereas 
the Venturi effect is typically applied to situations with only one fluid. No 
publications on Venturi systems with two fluids that could apply to the 
configuration discussed here were found in literature. Furthermore, it is even 
uncertain whether or not water was always present at the exterior side of the 
deficiency. Figures 5.1-5.3 show how the location of the diagonal rivulets that 
formed in proximity to the 4mm diameter deficiencies changed over time: the 
inertia of the water gradually overcame the pinning forces at the rivulet edge and 
thus the rivulets moved downwards. However, the runoff pattern sometimes 
broke up, again introducing a new set of rivulets at the deficiencies. Water 
impingement on the vertical plate above the deficiencies possibly disturbs the 
velocity of the water film , but this effect was not quantified.  
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Fig. 5.1 Formation of diagonal rivulets at the top of the 4*4mm diameter deficiencies 
 
Fig. 5.2 Formation of diagonal rivulets just below the 4*4mm diameter deficiencies 
 
Fig. 5.3 Uniform film flow over deficiencies and subsequent rivulet formation well 
beneath the 4*4mm deficiencies 
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5.3.2 Water infiltration 
During a testing sequence, water infiltration was evident for some deficiencies at 
specific pressure differences. During tests undertaken under static pressure 
differences, water infiltrated through deficiencies, forming a rivulet at the 
interior side of the vertical plate. In most cases this was a straight rivulet, 
indicating that the pinning forces superseded the lateral inertia in the water flow 
(flow rate below meandering threshold). During testing there was either no water 
infiltration, drop-wise infiltration, discontinuous rivulet formation or a 
continuous water flow in a straight rivulet. 
5.3.2.1 Capillarity  
The size of the circular holes (1mm, 4mm and 8mm diameter) was selected on 
the basis of water occluding, or not, the opening by capillary action given the 
flow of water across the opening with smaller holes providing a greater capillary 
effect. Based on the Young-Laplace equation, the capillary pressure was 
calculated for the different diameters according to the following relationship: 
r
pc
 cos2

    (5.1)
 
With pc: capillary pressure (Pa), γ: surface tension of water  (74.42 mN/m at 
10°C), θ: contact angle of water on substrate (according to manufacturer of 
polycarbonate: 66°) and r: radius (m). Thus given the hydrostatic pressures in the 
deficiencies when occluded (10, 40 and 80Pa for the 1mm 4mm and 8mm 
diameter deficiencies respectively), the expectation was that the 1mm diameter 
openings would fill with water (pc = 121Pa) whereas those of 8mm diameter 
would not (pc = 15Pa); the 4mm diameter holes were selected as intermediate 
value (pc = 30Pa). The contact angle inside the deficiency was assumed similar 
to that of the untreated surface. However, the process of boring an opening 
through the polycarbonate plate would increase the roughness and thus the 
contact angle, and consequently lower the capillary pressure; however, there was 
insufficient data to permit estimating the magnitude of this effect. On the other 
hand, for smooth polycarbonate plates contact angles up to 82° are found in 
literature [243], which has a significant effect on the resulting estimate of 
capillary pressure (i.e. the capillary pressure is then 41Pa, 10Pa and 5Pa for the 
1mm, 4mm and 8mm diameter deficiencies respectively).  
5.3.2.2 Surface tension 
The surface tension of water will introduce a meniscus on the interior side of the 
front vertical plate (and perhaps on the exterior side when no water is supplied at 
that location due to rivulet formation). Water will only enter the cavity once the 
surface tension is breached by an imposed pressure F, calculated as follows: 
rF *2* 
     (5.2)
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where r is the wetted radius of the opening (m). Dividing F by the area of the 
respective deficiencies renders the equivalent external pressure difference. For 
the 1mm diameter deficiency this corresponds to a pressure difference of 298 Pa, 
whereas the 4mm and 8mm diameter deficiencies relate to a pressure difference 
of 74Pa and 37Pa respectively. The capillary pressure and pressure to breach the 
surface tension are obviously linked. Under static boundary conditions, the 
meniscus formed on the interior side of the deficiency changes the contact angle 
and thus the capillary pressure, until there is equilibrium with the surface 
tension. Consequently, when looking at only one side of the deficiency, the 
required pressure for infiltration to occur is the pressure to breach the surface 
tension minus the capillary pressure. The additional pressure will further increase 
the contact angle until it reaches 180°, which then corresponds to the surface 
tension along the perimeter of the deficiency. The approach described above 
assumes that the edge of the deficiency is a perfect circle, which is probably 
flawed by small irregularities which were not visible to the naked eye. 
5.3.2.3 Balance of forces  
In order to verify the calculated capillary pressure and surface tension, a 
polycarbonate box was constructed with 30 deficiencies, 10 of each size with 
controllable water influx (supply turbulence was minimized). The box was filled 
with water and for each deficiency the hydrostatic height was determined at 
which the meniscus breached and water started flowing (figures 5.4 and 5.5). 
The hydrostatic height was measured from the bottom of the deficiency. In this 
setup, the meniscus was the only force that prevented the infiltration of water, 
whereas the capillary pressure introduced a positive pressure on the meniscus (no 
meniscus is formed on the exterior side). As a result, it was expected that water 
would infiltrate at a height corresponding to a pressure equal to the meniscus 
pressure minus the capillary pressure, as indicated in column C of table 2. Every 
test with hydrostatic pressure in the polycarbonate box was repeated at least 
once, which resulted in 20 test results for each size of deficiency; values for 
mean and standard deviation are reported in table 2. 
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Figure 5.4 Schematic of the balance of forces: hydrostatic pressure versus surface tension 
and contact angle. 
 
Figure 5.5 Polycarbonate box for hydrostatic pressure tests to determine the pressure 
threshold for water ingress. The meniscus on the 4 mm deficiencies is shown just before 
water ingress occurs. Note that gravity has an effect as well, which was not considered in 
the calculations. 
Subsequently, the effect of sanding the exterior surface was also evaluated: for 
the 1mm and 4mm deficiency water started infiltrating at lower pressures 
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compared to the original setup (the sanding probably increases the wetted radius 
of the opening, or eliminates local defects that affect the surface tension). The 
measured pressure for the 1mm diameter hole corresponded reasonably well to 
the predicted value, but the pressure to breach the meniscus was underestimated 
for the 4mm and 8mm diameter deficiencies. When water is sprayed on the 
sample with the deficiencies, the height of the hydrostatic water column can 
conservatively be set to the diameter of the deficiency (assuming full occlusion). 
Consequently, the air pressure required to breach the meniscus and enable water 
ingress is calculated by subtracting the hydrostatic pressure (column F) from the 
measured water infiltration test results obtained from the polycarbonate box 
(column E). Based on these parameters, it was expected that water would readily 
flow through the 8mm diameter deficiency without pressure difference, and 
about 31Pa and 124Pa is required to initiate infiltration through 4mm and 1mm 
diameter deficiencies respectively. However, for the 1mm diameter deficiency, 
the runoff pattern on the exterior side might also introduce an additional negative 
pressure of 8 to 14Pa, given that a uniform film flows over the exterior side of 
the plate. For the 4mm and 8mm diameter deficiencies, it is not clear when water 
was present at the exterior side due to the location of the diagonal rivulet. 
Assuming that this rivulet does introduce a Venturi effect on the openings, the 
corresponding negative pressure probably lies in the range 97- 661Pa (or even 
higher), depending on the type of rivulet. The required air pressure to breach the 
meniscus might be very sensitive to the water flow pattern on the exterior side of 
the deficiency. 
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Table 5.2. Overview of the forces that act on the water in the 1mm, 4mm and 8mm diameter deficiencies 
Deficiency 
diameter 
A B C D E F E - F    
Required 
external 
pressure 
[Pa] 
Venturi     
effect           
[Pa] 
Flat 
meniscus 
[Pa] 
Capillary 
pressure    
[Pa] 
A - B         
[Pa] 
Water test  
(smooth)   
[Pa] 
Water test  
(sanded)    
[Pa] 
Hydrostatic 
pressure    
[Pa] 
1 mm  298 121 177 182 ±14 134 ±21 10 124 ±21 8 - 14 
4 mm  74 30 44 90 ±20 71 ±14 40 31 ±14 97 - 661 
8 mm  37 15 22 49 ±14 55 ±15 80 -25 ±15 97 - 661 
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5.3.3 Modes of water infiltration 
5.3.3.1 Water uptake 
When water was sprayed on the exterior side of the plate, runoff thereafter 
occurred and water was drawn into the deficiency due to capillary pressure 
acting at that location. The capillary pressure only acted on the interior side of 
the opening, given that at the exterior it was still connected to the runoff water 
flow and there is no contact angle that drew upon the liquid. The forces that 
prevented water infiltration through the opening thus included the surface 
tension acting on the interior side of the opening and the Venturi effect that 
originated from the runoff. Whereas those forces that provoked water infiltration 
included capillarity, hydrostatic pressure in the deficiency, and exterior air 
pressure difference across the opening.  Figure 5.6, item 1 shows the uniform 
runoff pattern and the diagonal rivulet at the deficiency (in between the rivulets 
there is still a shallow runoff film). 
 
Figure 5.6 Schematic representation of four water infiltration modes 
5.3.3.2 Water ingress 
Once the total pressure difference across the opening is sufficiently large as to 
overcome the surface tension of the meniscus, water will infiltrate to the interior 
side of the plate. At least one drop of water will then (partly) run down the plate, 
leaving a wetted trail along its path. This wetted trail thus starts at the interior 
side of the deficiency and will affect the buildup of a meniscus because the 
cohesion of the water will draw the water to the trail. Consequently in the first 
instance, once the pressure threshold is reached and permits breach of the 
meniscus, only  the threshold for infiltration occurs, and once it has been 
superseded the threshold value for further infiltration is lowered due to the 
wetting process. This was verified with the hydrostatic pressure tests described 
in section 5.3.2.3. For the 8mm diameter deficiency there was no significant 
effect, but for the 4mm diameter opening the infiltration started at 68±22Pa, and 
the 1mm diameter deficiency allowed water to pass at 159±53Pa. In both cases 
the pressure dropped about 20Pa compared to dry initial conditions, and the 
statistical dispersion increased (see table 5.2 columns D and E). Depending on 
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the infiltration rate, the infiltrated water ran down in droplets or in a continuous 
rivulet (straight, meandering or dynamic). Once such a rivulet was formed, the 
cohesive forces of the water entering the deficiency will draw on the water 
located inside the deficiency and hence contribute to establishing a continuous 
stream of infiltrating water. Consequently, there will be no capillary pressure in 
either side of the deficiency, as there are no cohesive forces to draw on the water. 
Furthermore, the Venturi effect will decrease, as it depends on the difference in 
velocity on both sides of the deficiency. 
In that case, there are no forces that prevent infiltration to occur, except for the 
dynamic pressure drop due to the flow in the deficiency, the remaining Venturi 
effect and the flow pattern at the edge of the deficiency. Based on the time-
averaged water infiltration rates, the velocity of the water within the deficiencies 
was in the range 0-0.008m/s; the corresponding Reynolds number thus lies in the 
range 1-30 and the pressure drop due to the friction in the tubular section of the 
deficiency is consequently limited to 0.9Pa; thus negligible. In order for water to 
infiltrate the opening, the kinetic energy of the water in the runoff film needs to 
be compensated by forces that drive the water inwards and through the opening. 
Figure 5.6, item 2 illustrates the water infiltration mode described above. Note 
that the straight rivulet on the interior side typically has a small width (i.e. about 
5mm) due to pinning forces, and the depth of the rivulet can increase 
significantly in order to allow sufficient water flow rate. Accordingly, the 
velocity increases and the Venturi effect over the deficiency decreases.  
5.3.3.3 Water supply 
It could be observed from the experiments that diagonal rivulets were formed in 
the runoff pattern on the exterior side, located at the top, bottom or below the 
deficiencies. These patterns shifted during testing, altering the condition of the 
exterior side of the deficiency. If the rivulets were formed at the top of the  
circular openings, perhaps no water was present at the exterior side of the 
deficiency and the water inside the deficiency was thus subjected to an outwards 
oriented capillary force, whereas the cohesive forces of the rivulet were drawing 
the water inwards. When the capillary forces are stronger (e.g. in smaller 
diameter openings), the water will stay in the deficiency and the rivulet is thus 
arrested. It is unclear to what degree the water infiltration rate affects the shift in 
runoff pattern on the exterior side. Figure 5.6 shows how the water film shifts in 
runoff pattern and that the diagonal rivulet moves from the bottom of the 
deficiency to the top of the deficiency, which corresponds to a shift from figure 
5.2 to figure 5.1. It should also be noted that intermediate situations (between 
mode 2 and 3 in figure 5.6) occurred, and it is unclear to what degree the rivulets 
at the top of the deficiency were still able to provide sufficient supply of water at 
the deficiency. 
5.3.3.4 Occlusion 
Water can thus be trapped in the deficiency, without water supply at the exterior 
side, and without a rivulet at the interior side. The water inside the deficiency is 
then only subjected to capillary forces in both directions (neutralizing each other, 
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4th mode in figure 5.6), the hydrostatic pressure of the water in the deficiency, 
and the exterior pressure difference. 
5.4 Results of water infiltration under static 
boundary conditions 
Test results for water entry rates through the three specified deficiencies under 
conditions of static pressure differential and subjected to two different water 
spray rates are given in Figure 5.7. The sequence of testing was such that those 
tests having nominally the largest deficiency and the highest spray were first 
conducted (i.e. those for deficiencies of 3x8mm diameter) from the lower to the 
higher pressure difference; thereafter for the same deficiency, the lower spray 
rate was applied. As is evident from a review of the results, increasingly less 
water was collected at smaller deficiencies and at the reduced spray rates. Hence, 
no tests were conducted at a spray rate of 2.0L/min.m² for the smallest deficiency 
(5x1mm diameter) since little or no water had been collected at a pressure 
difference of 400 and 600Pa at the next higher spray rate for this same deficiency 
size (see Table 1). Furthermore, the infiltration rates under static boundary 
conditions were divided by the number of deficiencies which did not occlude 
during the test. For the 1mm deficiencies, water only infiltrated through 2 out of 
5 deficiencies, whereas the remaining 3 were occluded all the time. For the 4mm 
diameter deficiencies, 2 out of 4 were occluded during testing at 3.4L/min.m² at 
600 and 800Pa pressure difference. None of the 8mm diameter deficiencies 
occluded during testing. The infiltration rates reported in figure 5.5 thus relate to 
the water ingress through a single deficiency. During dynamic testing, none of 
the deficiencies occluded. 
 
Figure 5.7 Water entry rates through non-occluded deficiencies subjected to static 
pressure differences and water deposition rates. 
Increases in water entry rates were recorded for corresponding increases in 
pressure difference across the assembly.  This is not however apparent for all test 
conditions but most evident for the larger deficiency of 3x8 mm diameter. For 
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the 4mm diameter deficiencies subjected to 3.4L/min.m², a higher infiltration 
rate was recorded at 600Pa pressure difference as compared to the test at 800Pa 
pressure difference. Note that this test was repeated due to the unexpected 
results, but the repeated tests confirmed the earlier findings.  
The measurements confirmed – to some extent – the expected effect of capillary 
force and surface tension: the 1mm and 4mm diameter deficiencies were 
occluded at lower pressure differences, whereas the 8mm diameter deficiencies 
never occluded. Based on the balance of hydrostatic pressure, capillary forces 
and surface tension of the meniscus (disregarding Venturi effect), it was expected 
that water would readily flow through the 8mm diameter deficiency without 
pressure difference, whereas an external pressure of 124±21 Pa would be 
required for water to infiltrate the 1mm diameter deficiency. For the 4mm 
diameter deficiency, infiltration was expected at a pressure difference of 
31±14Pa. The results showed that water started infiltrating both the 1mm and 
4mm diameter deficiencies only at 600Pa, significantly higher than expected. On 
the other hand, the infiltration rates did differ significantly for the different sizes 
of deficiencies, more in line with the expected outcome. The 8mm diameter 
deficiency allowed water to infiltrate without external pressure difference. Based 
on the balance of forces that affect the infiltration, it was expected that the 
infiltration rates through the 4mm and 8mm diameter would be more similar. 
With regards to the infiltration rates that was the case, but the required pressure 
difference for water to infiltrate was much greater than expected for the 4mm 
diameter deficiency. The Venturi effect might introduce an additional pressure 
threshold, but the results show this would be most prevalent for the 4mm and 
8mm diameter deficiency, whereas the measurements show this effect was found 
for the 1mm and 4mm diameter deficiencies. The results also showed that an 
increased water spray rate yielded a higher film thickness and thus greater 
velocity of flow. The increased Venturi effect would then introduce a higher 
threshold for water to infiltrate, but this effect was not confirmed by the 
measurements. Note that this Venturi effect has not been recorded or verified in 
the setup. Conversely, it is mere a hypothesis that might provide a reasonable 
explanation of the large discrepancy between the calculated and measured air 
pressure difference under which water started infiltrating through the 
deficiencies. 
For the 1 mm and 4 mm diameter deficiencies there were insufficient data on 
infiltration rates to permit reviewing trends in this regard. Figure 5.8 shows the 
infiltration rate for the 8mm diameter deficiency as a function of pressure 
difference (corrected for occluded openings). The data are fitted to a power law: 
nPCQ  *
    (5.3)
 
with Q: infiltration rate [L/min], ΔP: pressure difference [Pa], flow exponent n 
equal to 0.51 (average of individual best fits), which results in flow coefficients 
C of 0.00029 and 0.00043L/min for spray rates 2.0 and 3.4 L/min.m² 
respectively. Note that the increase in water spray rate of 70% results in an 
increase of infiltrated water of 49%. Insufficient information was available to 
define the flow coefficient as a function of water deposition rate. Prior to the 
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measurements, it was expected that the water spray rate would introduce a 
Venturi effect which increases the pressure threshold, but this was not observed. 
Conversely, the infiltration rate increases with water runoff intensity, which 
indicates that the water flow at the opening generates a positive pressure (as 
reported by Tammes and Vos [240]). This would lower the pressure threshold to 
breach the meniscus, thereby increasing the discrepancy between measured and 
calculated pressures. Figure 5.8 shows that the rise in deposition rate cannot be 
interpreted as a simple horizontal translation of the infiltration rates. Although 
the spray rate only affects the runoff pattern on the exterior side of the 
deficiency, it is remarkable that the effect is that consistent in nature, whereas the 
effect of changes in the position of diagonal rivulets at the deficiencies is not 
evident in the results. 
 
Figure 5.8 Infiltration rates for the 8mm Ø deficiency: measurements and fitted power 
law function 
 
Figure 5.9 The water flow rate through the 8mm Ø deficiency shows a clear correlation 
with the measured air flow rates as a function of pressure differential. 
 
Both airflow rate and water ingress can be expressed by means of a power law 
function for turbulent flow, which results in a correlation as shown in figure 5.9. 
The non-linearity is caused by a small difference in flow exponent. A positive 
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intersect indicates infiltration without air pressure difference, a negative intersect 
is caused by a pressure threshold due to capillarity.  
5.5 Results of water infiltration under dynamic 
boundary conditions  
Results of water infiltration tests undertaken under dynamic pressure boundary 
conditions are first provided for water infiltration through 4mm diameter 
deficiencies and therafter deficiencies of 8mm diameter, both of these test 
conditions being completed when subjected to a mean dynamic pressure of 400 
Pa. Varations inlcuded changes in water deposition rates on the plate (2 and 3.4 
L/min.m
2
), in test frequency (0.1 and 1.0Hz), pressure amplitude and air leakage 
condition.  Therafter, similar results are compared between 4mm and 8mm 
defiencies for tests undertaken at 600 Pa mean dynamic pressure.  In a final 
section, results of water infiltration are related to the mean rain screen pressure 
differential during tests. 
5.5.1 4 mm diameter deficiencies – 400 Pa 
 
Figure 5.10 Water ingress through 4mm diameter deficiencies under dynamic pressure 
differences. 
 
Figure 5.10 reports the infiltration rates through the four 4mm diameter 
deficiencies under dynamic pressure fluctuation. The analysis was based on all 
frequencies, but for reasons of clarity only the 0.1 and 1.0Hz results are reported 
here. First of all, the airtightness of the air barrier has a very large effect on the 
results: the infiltration rates are about five times higher when the air barrier 
comprises two 4mm diameter deficiencies. The secondary axis indicates the 90
th
 
percentile pressure difference measured over the rain screen during testing, 
which was found to show a better correlation compared to the mean pressure 
difference, standard deviation, maximum pressure difference, variance or 
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pressure equalization percentage. For the setup with an airtight barrier, the 90
th
 
percentile is equally dependent on mean (32Pa) and standard deviation (30Pa) 
for the 0.1Hz frequency, whereas at 1Hz the mean pressure difference of 18Pa 
and a variance of 2.52 result in a stronger dependence on the imposed amplitude. 
For higher frequencies the rapidity of the pressure equalization in the cavity is 
insufficient, which results in a phase shift of the pressure and a significant 
fluctuation of the pressure acting over the rain screen. This variation is 
characterized here by the standard deviation of the pressure measured over a 5 
minute period. Numerical simulations were done for a dry configuration (please 
refer to chapter 4), but these significantly understimated the mean pressure and 
standard deviation. For the setup with deficiencies in the air barrier, the mean 
pressure over the rain screen (167Pa) is identical for both frequencies, but the 
standard deviations are 36Pa and 65Pa at 0.1 and 1.0Hz respectively. 
Simulations on the pressure equalizations yield a mean pressure between 99Pa 
and 116Pa, and standard deviations of 36Pa and 54Pa for 0.1Hz and 1.0Hz 
respectively. High mean pressure differences are accompanied with high 
absolute fluctuations, but the variance of the pressure decreases. At low pressure 
differences there is a limited infiltration of air, and the occlusion introduces a 
phase shift and yields higher pressure differences during the pressure buildup. At 
higher mean pressure differences the lack of airtightness of the air barrier 
requires an increased air flow rate which is disturbed by the occlusion of the 
deficiencies in the rain screen and the ingress of water. Compared to dry 
conditions, the pressure equalization differs most for the case with an airtight 
barrier. With a leaky barrier, the mean pressure over the rains screen is 
underestimated, the standard deviations show a good fit. Apparently only for the 
leaky barrier the continuous air flow allows pressure moderation similar to dry 
conditions. On the other hand, the mean pressure difference is also 
underestimated by the simulations. 
When the air barrier is not airtight, pressure equalization is poor, resulting in 
significant pressure differences over the rain screen and high infiltration rates. At 
0.1Hz the infiltration decreases slightly for increasing amplitude, and a better 
correlation is found with the mean pressure. At 1Hz the infiltration rates show an 
opposite trend for a 2.0L spray rate. Apparently the mean pressure dominates the 
infiltration rate at low frequencies, whereas at 1Hz the way water infiltrates is 
dominated to a greater extent by the dynamic behaviour. Furthermore, the effect 
of a higher spray rate, static in nature, is not affected by the amplitude at 0.1Hz, 
but decreases for rising amplitude at 1Hz. An airtight air barrier results in good 
pressure equalization, a low mean pressure difference over the rain screen and 
relatively large pressure fluctuations. At 0.1Hz the 90
th
 percentile pressure 
difference over the rain screen and the infiltration rate are not affected by 
amplitude. In all tests the water spray rate clearly affects the infiltration rate, but 
is of no importance to the pressure equalization. At 1.0Hz the pressure 
corresponding to the 90
th
 percentile does follow the increase in amplitude, which 
is also reflected in the infiltration rates. For both frequencies the infiltration rates 
show a very good correlation with the pressure difference. Furthermore, the 
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infiltration rates are about 5.4 times higher for a leaky air barrier compared to a 
tight barrier, whereas the 90
th
 percentile is 3.2 times higher, and the mean 
pressure 7.3 times. As indicated earlier, for better pressure equalization the main 
driving force shifts from the mean pressure difference towards the dynamic 
component. 
5.5.2 8 mm diameter deficiencies – 400 Pa 
 
Figure 5.11. Water ingress through 8mm diameter deficiencies under dynamic pressure 
differences. 
 
It is expected that 8mm diameter openings will be less likely to occlude due to 
capillary forces compared to 4mm diameter deficiencies. First of all, the 
infiltration through the four 4mm diameter openings (50.3mm²) is of the same 
order of magnitude as the infiltration through the three 8mm diameter openings 
(150.8mm²). On the other hand, the larger openings result in better pressure 
equalization and lower pressure differences. When the air barrier is tight, the 
mean pressure difference over the rain screen is about zero, the 90
th
 percentile is 
defined by the variance. For a leaky air barrier, the mean pressure is 33Pa and 
28Pa for 0.1Hz and 1Hz respectively. Similar to the 4mm diameter deficiencies, 
the pressure difference at 1Hz is mainly determined by the dynamic component, 
and the correlation with the amplitude of the imposed sinusoidal pressures is not 
reflected in the measured infiltration rates. Furthermore, the results at 1.0Hz with 
a tight air barrier show similar trends for both sizes of deficiencies. At 0.1Hz and 
2.0L/min.m², there is strong reduction for the three larger amplitudes, but no 
explanation was found for this effect. Simulations on the pressure equalization 
yield a mean pressure difference between 10 and 15Pa (standard deviation 
between 2 and 15Pa) for the leaky barrier, and 0Pa to 2Pa for the tight barrier 
(standard deviation between 0 and 3Pa). For both sizes of deficiencies in the rain 
screen, the mean pressure difference is underestimated, and only the standard 
deviation of the pressures for the leaky air barrier is acceptable. Contrary to 
measurements completed on the 4mm diameter deficiencies, for 8mm 
deficiencies the water spray rate does affect the pressure difference significantly: 
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at 1Hz a higher spray rate raises the pressure with 10 to 20Pa. At 0.1Hz the 
effect is limited to the leaky setup, and amounts to 10Pa.  
With deficiencies in the air barrier, the infiltration rates are only affected by the 
spray rate, and not by amplitude or frequency. At 1Hz the spray rate affects the 
pressure over the rain screen, but this has no effect on the infiltration rate. The 
infiltration rates show a strong correlation with the mean pressure difference, the 
pressure variance has no effect. For the airtight setup, only the dynamic 
component is of importance, and only at 1Hz the infiltration is clearly correlated 
with the pressure difference. Comparing results given in figure 5.10 (4mm 
diameter) and 5.11 (8mm diameter), the latter shows much larger variations for 
the airtight case. Due to the good pressure equalization, the pressure difference 
over the rain screen becomes very small, and might not be the dominating 
driving force for water to infiltrate. 
5.5.3 4 mm and 8 mm diameter deficiencies – 600 Pa 
Additional tests were done with an exterior mean pressure difference of 600Pa 
instead of 400Pa, the results of which are given in figure 5.12. The amplitude of 
the imposed pressure fluctuation was kept at 20%, 33%, 50% and 80% of the 
mean pressure, i.e. 120, 200, 300 and 480Pa. Previous tests showed that the 
effect of the spray rate was fairly consistent in nature, hence, only a single spray 
rate of 2.0L/h was applied here. Similar to the results obtained at 400Pa, the 
cases with a leaky air barrier are not very sensitive to pressure amplitude and 
frequency. The pressure over the rain screen increases for higher amplitudes, 
particularly at 1Hz. Note that results for 4mm diameter deficiencies show a 
decline for rising amplitude, whereas this was only evident at 0.1Hz at 400Pa. 
The infiltration rates for the 8mm diameter airtight configuration are slightly 
higher compared to those given in figure 5.11, which correspond to the pressures 
over the rain screen which are likewise higher, particularly at 1Hz. 
 
Figure 5.12. Infiltration rates and rain screen pressure difference for a mean exterior 
pressure of 600Pa. 
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5.5.4 Rain screen air pressure differential  
Figure 5.13 shows the infiltration rate per mm² as a function of the 90
th
 
percentile pressure difference over the rain screen. No differentiation is made in 
respect to amplitude and the applied water spray rate, but for the 3.4L/min.m² 
cases the infiltration is consistently higher than the 2.0L/min.m² cases, for a 
pressure difference that is equal or slightly higher. For comparison, the power 
law function fitted to the infiltration rates under static conditions for the 8mm 
diameter deficiency is also shown (no infiltration was recorded for the 4mm 
diameter deficiencies below 600Pa). The shape indicates the size of the 
deficiency, color relates to frequency, and the marker shows whether the air 
barrier was tight or comprised two 4mm diameter deficiencies. Most tests were 
done with a mean exterior pressure of 400Pa and indicated with monocolor 
markers; the tests with a mean pressure of 600Pa are recognizable by the black 
colored border. The infiltration rates under dynamic conditions are much higher 
than the infiltration under static conditions: for the same pressure difference the 
infiltration is up to 8 times higher. In general, there is a trend that high pressure 
differences are accompanied by high infiltration rates. This trend is very clear at 
lower pressures, but for both the 4mm and 8mm diameter deficiencies this 
correlation fades or even disappears at higher pressure differences. For similar 
pressure difference, the 8mm diameter deficiencies allow more water to pass 
than the 4mm diameter deficiencies. The 8mm diameter deficiencies allow better 
pressure equalization and are subjected to lower pressure differences, within 
each group the spread due to amplitude is also smaller compared to the 4mm 
diameter cases. Finally, the variance of the water ingress as a function of 
pressure difference decreases for rising pressure difference: assuming that other 
driving forces remain equal and are more random in nature, the relative impact 
of pressure difference increases and as such it reduces the variability. 
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Figure 5.13. Water ingress rises for increasing 90th percentile pressure difference over 
the rain screen. 
5.6 Discussion  
Based on capillary pressure and surface tension of an occluded deficiency, the 
external pressure was calculated for which the meniscus of the water in the 
circular deficiencies would breach and water would infiltrate. These results were 
confirmed by simple hydrostatic tests. When water was sprayed to form a runoff 
film, the static air pressure to breach the meniscus was significantly higher 
compared to the hydrostatic pressure established in a previous set of tests. 
Depending on the type of water flow (film, straight rivulet, dynamic), it is 
assumed that the Venturi effect may introduce an additional threshold to water 
infiltration ranging between 2Pa and 661Pa. For the 1mm diameter deficiency 
only uniform film flow was evident in the experiments, which is accompanied 
with low flow velocities and a reduced Venturi effect, and as such does not 
provide an adequate explanation for the large discrepancy between the predicted 
pressure threshold and measured pressure threshold that determines the initiation 
of water infiltration. On the other hand, the condition of the runoff film was not 
very clear, and perhaps local irregularities affect the flow of runoff water which 
would necessarily flaw the assumption of uniform film flow over the external 
plate. At the 4mm diameter deficiency the film flow turned into diagonal rivulets 
which might be accompanied by significant Venturi effects, up to 661Pa and 
higher, are of the same order of magnitude as the discrepancy between 
measurements and calculations. It can be concluded that more research is 
necessary to verify to what extent the Venturi effect affects the pressure 
threshold, and quantify these effects as a function of runoff type and velocity. 
Once the meniscus is breached and water enters, there is a disturbance of the 
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flow field at the interface between the deficiency and the runoff film. This likely 
generates local turbulence and a correspondingly lower mean flow velocity and 
hence this may retard  the surrounding flow which in turn increases the local 
pressure. Higher spray rates resulted in greater velocities, higher Reynolds 
numbers, and possibly increased turbulence, which then resulted in additional 
pressure for water to infiltrate. Water runoff at the exterior of an opening can 
increase the pressure threshold for water to infiltrate, but once infiltration has 
begun, the flow field is disturbed and thereafter turbulence causes the runoff 
velocity to decrease and perhaps eliminate the Venturi effect. This effect is 
schematically represented in figure 1 of table 5.3. The 8mm diameter deficiency 
never occludes, and the runoff film apparently does not provide an additional 
pressure threshold. Once water starts infiltrating the 8mm deficiency, as was 
shown for the 4mm diameter deficiency, the flow field becomes turbulent which 
results in an additional inwards driving force thereby increasing water  
infiltration rates.  
A leaky air barrier requires a constant air flow rate to maintain the pressure in the 
cavity, and results in higher pressure differences over the rain screen and thus 
correspondingly higher water infiltration rates. These pressure differences bring 
along large air flow rates which might entail water droplets due to the kinetic 
energy, as shown in figure 3 of table 5.3. At 1Hz, results show a slight increase 
in water infiltration rate for larger amplitudes, but only for 4mm diameter 
deficiencies at a spray rate of 2.0L/min.m². In all the other cases there is a 
downwards trend in water infiltration rates when the amplitude rises. Figure 5.13 
indicates that for very high pressure differences accompanied with high air flow 
rates, a further increase in pressure leads to a decrease of the water infiltration 
rate. This is typically found for a frequency of 1Hz, and although the direction is 
constant, the velocity of the air entering the deficiency to equalize the pressure in 
the cavity may be too high to entail water droplets to the interior.  
Table 5.3 provides an overview of the phenomenology abstracted from the test 
results presented in sections 5.4 and 5.5. Although these effects were not 
observed very distinctly, these were deduced from the trends attributed to the 
results and an understanding of the balance amongst the different interacting 
forces that affect water infiltration. When no deficiencies were present in the 
back plate of the test setup, the mean pressure difference across the rain screen is 
small, but the effect of the pressure fluctuation around the mean becomes more 
important for the pressure over the rain screen than the mean pressure itself, 
specifically at 1Hz, because there is a significant phase shift. The 8mm diameter 
deficiencies are less likely to occlude, which results in very low mean pressure 
differences over the rain screen, even for a leaky air barrier. However, these low 
mean pressure differences for a leaky air barrier are accompanied by significant 
air flow rates, which entail significant water infiltration rates. For all 
configurations higher amplitudes lead to a slight increase in mean pressure 
difference over the rain screen. However, this is typically only reflected by the 
infiltration rates at higher frequencies: for 1Hz (4mm and 8mm diameter; 400Pa 
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and 600Pa) and 0.33Hz (8mm diameter; 400Pa) the infiltration shows a strong 
correlation with amplitude in the air tight case. The combination of limited air 
flow rates through the air barrier and high frequencies yields a significant phase 
shift, amplified by the presence of water, rendering the dynamic fluctuation the 
dominant effect in respect to water infiltration. In airtight configurations, the 
pressure difference over the rain screen is negligible at low frequencies, and the 
effect of the water spray rate is the most important driving force to water 
infiltration. As illustrated in table 5.3 (figures 2, 4, 6, 8), the combination of a 
runoff film and pressure fluctuation results in turbulent effects in the runoff film, 
and water infiltrates at much lower pressure differences as compared to those 
under static boundary conditions. The pressure equalization model does not 
account for water occluding the openings, and hence underestimates the mean 
pressure and pressure variance over the rain screen. Only the dynamic 
component for the leaky configuration is modeled accurately. Under dynamic 
test conditions, at low pressure differences across the rain screen the role of air 
pressure difference as primary driving force declines to the benefit of hydrostatic 
pressure, capillary pressure and surface tension, which thus yields a larger spread 
in the results for water infiltration. 
Consequently, these perhaps provide a notional estimate of the phenomena, and 
it is understood that additional research is necessary to verify the 
phenomenology presented here. These phenomena could be analyzed in a larger 
scale configuration having increased hydraulic diameter, which would allow 
preserving the Reynolds number and reducing the velocities. However, the 
capillary and surface tension effects would then be flawed. Alternatively, 
computational fluid dynamics might offer insights on the interaction of different 
phenomena. However, to date little information has been published on the fluid 
dynamics of rivulets, and additionally, the combination of simultaneous air and 
water transport across openings introduces a high level of complexity to the 
problem of water infiltration through openings of building components.   
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Table 5.3. Abstracted phenomenology of water ingress through capillary deficiencies 
subjected to a runoff film and static and dynamic air pressure differences
 
5.7 Conclusions 
Rain water intrusion is one of the main causes of building component 
deterioration. Although significant research efforts have been completed by the 
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building industry on the component level, the fundamentals of water infiltration 
through openings have not been studied in depth. In order to study water 
infiltration through openings in a vertical plane under static and dynamic 
boundary conditions, a test setup, protocol and program were developed to test 
the effect of pressure difference, water spray rate and type of deficiency. 
Observations from experimental tests on water entry through circular openings 
on a vertical plate have shown that surface tension of the meniscus on the 
interior side of the opening defines a pressure threshold that determines at which 
pressure water will enter into an assembly. When water runoff flows down the 
exterior side of the deficiency, the contact angle of the meniscus on the interior 
side changes until the Venturi effect, hydrostatic and capillary pressure in the 
deficiency are balanced with the surface tension of the meniscus. When 
infiltrating water forms a rivulet on the interior side of the deficiency, the 
meniscus and consequently the capillary pressure disappears and water will then 
easily flow through the opening. When the water supply at the exterior side is 
reduced or arrested, the capillary force will draw water outwards, which will 
cause occlusion of the deficiency (if the capillary force is sufficiently high). 
  
Further observations have shown that once the threshold was superseded, the 
water infiltration rate increased for rising pressure difference, which was most 
evident for tests undertaken on 8mm diameter deficiencies. For the 8mm 
diameter deficiency, a power law with a flow exponent of 0.51 showed a good fit 
with the measured data. Based on the fitted functions, water ingress increases by 
49%, for an increase in water spray rate of 70%. Rather than attributing a static 
pressure difference to the effect of water spray rate, higher water spray rates 
provide an increased supply of water which becomes more important when the 
degree of water ingress likewise increases.   
Based on the entire dataset, the water infiltration rates under dynamic boundary 
conditions showed the best correlation with the 90
th
 percentile of the pressure 
difference over the rain screen. Dynamic boundary conditions cause much larger 
water infiltration rates as compared to static conditions. For similar pressure 
differences, the dynamic pressures yield infiltration rates up to 8 times higher as 
compared to those obtained under static pressure conditions. Expressed per mm², 
the 8mm deficiencies permit less water through than 4mm deficiencies due to 
increased pressure equalization. On the other hand, if only the pressure 
difference across the rain screen is considered, the 8mm deficiencies cause 
higher infiltration rates per mm² because the deficiency is too large to become 
occluded with water. A lack of airtightness results in poor pressure equalization, 
high pressure differences over the rain screen, and high infiltration rates. There is 
a continuous breaching of the meniscus, and the infiltration rate shows a good 
correlation with the mean pressure difference. The effect of amplitude and 
frequency is limited, but the combination of high frequencies and large 
amplitudes results in air velocities which are too high to entail water droplets. 
The airtight configuration is characterized by good pressure equalization, and 
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consequently lower infiltration rates compared to the less airtight assembly. 
Similarly, the effect of the amplitude is only evident for high frequencies: due to 
the increased phase shift at 1Hz the mean pressure in the cavity decreases and 
higher infiltration rates were recorded.  
In respect to watertightness testing of building components, there are a number 
of lessons that can be learned. First of all, cyclic pressure fluctuations cause 
much higher infiltration rates compared to static test conditions. Perhaps 
watertightness tests with static pressure conditions do not provide a realistic, nor 
reliable evaluation method to assess the watertightness of building components. 
Furthermore, airtight constructions have good pressure equalization and allow 
less water to pass, and increasing the frequency increases the water infiltration 
rate. Leaky configurations on the other hand, are characterized by poor pressure 
equalization, high air flow rates, high water infiltration rates, but dynamic 
pressure fluctuation does not increase the water ingress significantly. 
Consequently, if a building component should be evaluated by means of a test 
protocol that reflects the worst-case conditions it will likely be subjected to 
during its service life, perhaps different test protocols would be required as a 
function of airtightness, types of deficiencies and vent area. Consequently, 
generic test protocols need to incorporate different types of scenarios, such that 
different types of failure principles are addressed.  
In respect to design principles for watertight building components, the most 
important conclusion relates to airtightness. In principle, the amount of water 
that infiltrates into the cavity of rain screen systems should not supersede the 
drainage capacity of the wall, and the watertightness of the drainage plane should 
not be compromised. Failure may be initiated by too much water ingress in 
general, or too much water ingress at specific locations. A lack of airtightness 
might induce both. The infiltration shows a strong correlation with the pressure 
across the rain screen. Furthermore, large openings are less likely to occlude 
(impeding pressuring equalization), but also allow more water to ingress when 
subjected to pressure gradients. The pressure threshold for water ingress to occur 
at a deficiency depends on the specific materials, deficiency size and runoff 
patterns, but is of little importance in dynamic testing. The effect of rain and 
water runoff on pressure equalization in building components might be 
significant. 
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Based on meteorological data, watertightness of building components should be 
evaluated considering different combinations of WDR and DRWP, under static 
and dynamic pressure conditions. Tests on a generic wall system indicate that 
pressure equalization under dry conditions can be modeled accurately, but the 
effect of rain is difficult to take into account. Water may occlude openings in the 
rain screen, reducing the vent ratio and impeding adequate pressure equalization. 
Furthermore, it was also concluded that cyclic pressures introduce specific 
effects that increase the water infiltration rates. However, are these conclusions 
also valid for typical building components? Or are there perhaps other effects 
that dominate the behavior in respect to watertightness? Three case-studies are 
investigated to address these questions, and these were selected to reflect the 
three different rain penetration control strategies that were presented in the 
introduction: perfect barrier systems, buffering systems, and rain screen systems. 
Chapter 6 focuses on windows, chapter 8 on window-wall interfaces and chapter 
10 relates to retrofitted brick cavity walls. High performance window frames rely 
on pressure moderation to achieve a good watertightness. By separating the 
airtightness plane from the water shedding surface, a drained cavity can be 
pressure moderated by means of vents and weep holes. Good airtightness results 
in good pressure equalization in the cavity, which reduces the amount of water 
that enters the cavity. The reduction in water ingress ensures that the weep holes 
will not occlude and still contribute to the pressure equalization with the exterior. 
Using high frequency measuring equipment the behaviour of typical window 
“In theory, there is no difference between theory and practice. 
But, in practice, there is” 
Jan van de Snepscheut 
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frames is examined in both dry as well as wet (simulated rain) conditions during 
static and dynamic pressure differences, and results are compared with numerical 
simulations on pressure equalization. Test results indicate that significant 
infiltration rates can occur despite perfect pressure equalization. Furthermore, the 
presence of water may reduce the friction of the gasket, which causes higher air 
flow rates compared to dry conditions. In dynamic conditions the overall 
performance is dominated by the hysteresis in the stress-strain relationship of the 
gasket in relation to the imposed pressures and corresponding deformation of the 
sash. Under dynamic pressure fluctuations the windows may fail at lower or 
higher pressures compared to static conditions. This also indicates that the 
current European standard test method for window frames (based on static 
boundary conditions) is inappropriate to assess the watertightness performance 
level. The impact of the gasket type and fine-tuning of hardware is also 
evaluated. A summary of this chapter was submitted as paper to Energy and 
Buildings. 
6.1 Introduction 
Water ingress through building components is one of the most important 
pathologies in buildings in respect to both occurrence and the consequences 
resulting from ingress [244, 245], and building practitioners often report water 
leakage in fenestration [236, 246-248]. Furthermore, a study on building 
envelope failures in British Columbia [249] indicated that 25% of the moisture 
problems associated with water ingress into wall assemblies were directly 
attributed to penetration through the windows or the window-wall interface. 
Most publications on watertightness of window frames focus on test protocols 
[233, 250-252], are typically very descriptive in nature, and do not elaborate on 
the failure phenomena that determine the watertightness performance level of a 
specific window.  
The performance of different types of cladding in which pressure equalisation is 
considered has been well studied over the last 40 years [213], but little 
information on pressure equalization in windows has been found. The 
performance in respect to pressure equalization is expressed as the pressure 
equalization percentage (PEP), which is a specific value between 0 and 100% 
that measures the rapidity and degree to which the internal air pressure within the 
cavity can equalise with the external air pressure [224]. The PEP can be 
calculated with following formula: 
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Where PEP: pressure equalisation percentage (%), P: amplitude of external air 
gauge pressure (Pa), T: period (s), Pe(t): air pressure outside (Pa), Pc(t): air 
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pressure in the cavity (Pa). A PEP value of 100% implies a perfect pressure 
equalisation of the cavity with the same amplitude and in phase with the external 
air pressure. As window frames only have a small cavity volume, a relatively 
small phase shift of the pressure can be expected because the major determinant 
of response speed is the compressibility of the air [18]. The principles of 
pressure equalization in curtain wall systems were described by Ganguli and 
Quirouette [230], for which it was found that pressure equalization was mainly 
determined by the ratio of the venting area Ars and leakage area Aab, and the ratio 
of the cavity volume to the venting area. The cavity pressure fluctuation is 
calculated by means of the numerical model presented in chapter 4. Only 
windows of relatively small dimensions were considered, so external pressure 
gradients which typically occur over the outer 5 to 10% of the building 
extremities [211] were not taken into account. 
Due to the complex geometry of windows (caused by thermal and mechanical 
requirements) and the fact that they have to open and close, it is practically 
impossible to create a face-sealed watertight window that is impervious to water 
and air through time under all circumstances. As a result it can be taken for 
granted that failure will occur: the window should be designed as a drained 
construction with a water barrier, an air barrier, and drainage paths as separated 
functions. The air barrier is utterly important for the performance of the window 
because it must withstand high pressure loads to enable pressure equalisation at 
all times. Any penetration of the airtight barrier by hinges, joggles or fittings 
may be crucial to the overall performance. Water that penetrates into the cavity 
should be drained to the exterior by weep holes at the bottom, and vents are 
typically located at the top of the window frame.  
There are reservations concerning all of the currently available watertightness 
tests, and research is needed on the principles and requirements of dynamic 
testing [253]. Boundary conditions for watertightness testing should be based on 
typical failure mechanisms for that specific component, and derived from 
climatic analysis that takes into account the co-occurrence of rain and wind 
(chapter 3). Different failure mechanisms require different test protocols that 
relate to different frequencies and averaging periods for wind and rain events. 
Pressure equalisation is only one aspect of water management. If the buffering 
effect is also taken into account, some windows may perform quite well under 
high pressure loads without exhibiting good pressure equalisation [254]. 
Buffering implies that water can be stored within the window frame without 
inducing failure (only none-absorptive materials are used). Whether or not 
dynamic conditions are more severe for window frames compared to static 
boundary conditions is unclear. Lopez et al. [233] compared the watertightness 
of window frames under static, cyclical and dynamic testing. For 9 out of 14 
tests the static pressure at which water ingress occurred lied in the range of the 
median cyclical pressure plus or minus the amplitude. For the other windows 
water ingress started at lower pressures during cyclical testing compared to static 
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testing. Eggen [251] found that 8 out of 20 windows failed under static pressure 
differences, whereas all window passed the test under cyclical conditions (step 
function with peak pressure equal to static pressures, lower pressure 0Pa). 
Similar conclusions were reported in [255]. Contrarily, Van Straaten et al. [250] 
found that windows fail at lower pressures when subjected to dynamic loads. 
McDonald et al. [252] also reported significant more failure for windows and 
curtain walls subjected to an aero-engine watertightness test compared to static 
test conditions (test pressures were not reported).  
This chapter focuses on the failure phenomena that determine the performance of 
window frames in respect to watertightness. The following section provides an 
overview of the test method, locations of failure, failure types and a discussion 
on the different flaws that might lead to failure. A range of windows was tested 
to analyse the failure mechanisms and the impact of specific parameters. Typical 
failure mechanisms and pressure equalization under static and dynamic boundary 
conditions are demonstrated in a case-study in section 3, whereas section 4 
focuses on water entry rates in window frames and demonstrates a specific effect 
that was not evident from static tests. Finally, the impact of gasket choice and 
fine-tuning of operating hardware is reported in the fifth section.   
6.2 Test method and principles  
In order to evaluate the watertightness of windows, the designated European test 
method EN 1027 for watertightness is applied here [149]: a window is framed 
into a plywood box, and put against the test wall that can simulate rain and wind 
pressure differences. The first 15 minutes of the test, water is sprayed on the 
window (2 L/min.m²) without any pressure difference. After 15 minutes a 
pressure difference of 50Pa is imposed while the spray rates remain the same. 
Every 5 minutes the pressure difference is changed according to the following 
sequence: 0-50-100-150-200-250-300-450-600-750-900-1050-1200 Pa (figure 
6.1). The level of watertightness of the window tallies with the highest pressure 
difference that is achieved without any water infiltration during that stage. The 
moment water is visible on the inside surface of the window, or water can be 
found on the backside of the central gasket (for windows with central gaskets), 
this is considered as failure. Water should not infiltrate to spaces which are not 
drained to the exterior. The type of water infiltration can be classified according 
to the place, cause and level of failure. For windows, 3 different locations of 
failure can be distinguished [236]: 
 L1: Leakage path along the glazing stop to the interior 
 L2: Leakage path around the operable unit to the interior 
 L3: Leakage path through the joint of frame members 
For windows installed in wall assemblies, other leakage paths may be present 
which interact with the construction surrounding the window, but these types of 
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failure are typically not evaluated during standard window watertightness tests. 
First of all, water may infiltrate through the window-wall interface to the interior 
(L4). Secondly, a leakage path may arise through the window assembly into the 
adjacent wall assembly (L5). Finally, water may penetrate through the window to 
wall interface into the adjacent wall assembly (L6). In order to test these failures 
a complete mock-up of a construction should be necessary, or the testing should 
be done on site.  
 
Figure 6.1: watertightness test protocol according to EN 1027:2000 [149] 
 
Figure 6.2. Schematic of window failure types T1 (a) and T2 (b) 
Next to the location, we can also make distinction in the type of failure: 
 T1: Drainage and/or buffering capacity is exceeded; wind and 
hydrostatic pressure loads exceed the performance level of the joints, 
figure 6.2 (a).  
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 T2: Insufficient airtightness causes high air flow rates in the vicinity of 
water in the cavity, which causes water droplets with high kinetic 
energy to infiltrate into the interior, figure 6.2 (b). 
The first and most prevalent type of water infiltration has to do with the 
accumulation of water in the cavity between the frame and the sash, or another 
location drained to the exterior. When e.g. the level of water in the cavity rises 
too high, the hydrostatic pressure across little cracks can cause water to flow to 
the interior, or the water may run over the edge of the profile and past the gasket. 
The second type of water infiltration relates to the local velocity of the air flow 
through the window assembly. If the airtightness is insufficient, the wind will 
flow into the interior of the building at a high air velocity and the kinetic energy 
of the water droplets will enable water to reach the airtightness barrier and 
infiltrate. The first failure type can be understood as water movement, the second 
one is dominated by air movement. These failure types are primarily related to 
the failure of a single seal. In window frames with a central gasket, failure type 
T2 may cause water to infiltrate past the central gasket, whereas hydrostatic 
pressure may then cause water ingress into the interior (T1). In this chapter, 
water ingress to a cavity which is not drained is considered as failure, and the 
type of failure is determined by the failure of the seal that ensures the 
watertightness. In both failure types the seal that provides the watertightness 
fails: in type T1 the hydrostatic pressure and capillary forces exceed the 
performance level of the joint, in type T2 the gasket fails due to lack of 
compression and too much air pressure. Note that the cause is independent of the 
location (L1, L2, L3): all locations can comprise components which drain water 
to the exterior, and all locations comprise components which should provide 
adequate airtightness. Consequently, drainage capacity and airtightness are 
separate performance parameters that may give rise to separate failure types. 
Finally, water ingress can be traced back to three sources of flaws that lead to 
failure: 
 F1: Construction flaw: e.g. bad mitre joint, imperfect coupling between 
frame members and mating extrusions, discontinuous gaskets, local 
penetrations, glass stop is too short (configuration without heel bead), 
lack of weep holes or vents. 
 F2: Installation flaw: e.g. poor adjustment of operating hardware, poor 
installation of the insulating glass unit, sash is not positioned accurately 
in relation to the frame. 
 F3: Design flaw: e.g. limits of water buffering, water ingress in the 
cavity exceeds the drainage capacity, the deflection is too large, lack of 
weep holes or vents. 
At every location, the different types of flaws can appear, and each type of flaw 
can generate both types of failure. For example, when the glazing stop is too 
short, high air velocities may arise that carry water droplets to the interior. On 
the other hand, poor airtightness reduces the pressure equalization: the pressure 
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over the exterior gasket rises, more water infiltrates, and the drainage capacity of 
the frame may be exceeded. Failure type T1 (drainage capacity) may arise from 
e.g. missing caulking in the connection of rail and jamb (F1), insufficient 
compression and touch of a gasket with the frame because the sash is slightly out 
of level due to poor hardware adjustment (F2), or inadequate rigidity of the 
frame members that induces excessive deflection (F3). The sequence of the 
sources of flaws listed above, is related to the typical achievable level of 
watertightness of the window. If there is a weld failure at the mitre or butt joint 
of a vinyl window (F1), there can be infiltration even without any pressure 
difference, and a better adjustment of the hardware of the gaskets will not help. 
If there is no construction error the quality of installation (F2) will often define 
the level of watertightness performance. Eventually the overall design and 
interaction of the hardware, the gaskets and the section of the window will 
determine at which level the window reaches the end of its abilities to prevent 
water from infiltrating into the interior (F3). Each type of failure will define a 
level of watertightness that can be achieved, and as such, only if there are no 
construction errors and the window is well adjusted, can the window system 
reach its full potential. It should also be considered that poorly designed 
windows may easily fail without construction or installation errors; and poor 
installation may likewise reduce the expected performance. Nevertheless, tests 
on hundreds of windows executed in the framework of product certification at 
the laboratory indicate that construction flaws are most common, followed by 
installation errors. Window manufacturers should focus on robust and feasible 
designs of window frames, reducing the susceptibility to construction errors, and 
the design should comprise some level of tolerance and redundancy for the 
installation  to achieve adequate performance on site.   
For this analysis, static and dynamic tests were done on 6 windows: 3 turn-and-
tilt windows (wood, aluminum and vinyl), a double side-hung window (wood), a 
horizontal rotating window (wood) and a sliding window (wood). For reasons of 
clarity, not all results are reported here. The principles of pressure equalization 
and failure are demonstrated on the vinyl window, whereas water ingress in the 
cavity is discussed based on the tests on the aluminum frame window. The 
impact of gasket selection was evaluated on the wooden turn-and-tilt window. 
For the evaluation of hardware interchangeability, a different test sequence 
without dynamic testing was adopted, and applied to 7 identical vinyl window 
frames. 
6.3 Pressure equalization and failure 
In order to analyse the effect of different parameters on pressure equalisation in 
windows, a series of experiments were conducted on a vinyl window of 1.44m 
high by 1.22m wide, see figures 6.3 and 6.4. The window comprised 3 drainage 
openings (slots of 5mm wide and 30mm long; area 1.446cm²) at the bottom and 
2 vents of the same size at the top. It is a single turn and tilt window, with an 
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exterior gasket for the rain screen function and an interior gasket for airtightness. 
The total volume of the interior cavity is 4228cm³. Including the hinges, there is 
a total of 11 closing points for a contour of 5.04m (in accordance with the 
hardware specifications). The sash is well dimensioned in accordance to the 
frame, and the hardware is adjusted correctly.  
 
Figure 6.3: Schematic interior view from the vinyl test window 
Three pressure taps were installed: one to measure the pressure on the exterior 
side of the frame, and two to measure the pressure in the cavity of the window. 
The tilting hardware situated in the upper left corner causes a local discontinuity 
of the interior gasket. Pressure taps were placed in the left and right jamb of the 
frame to evaluate if there was a difference caused by the location of the tilting 
hardware. The pressure taps were connected to calibrated low range differential 
pressure transmitters having an error of 4Pa or 1.0%.  
  vent 
weep hole 
closing 
point 
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Figure 6.4. Section of the vinyl window frame 
6.3.1 Static test conditions 
The repeatability of the watertightness test according to EN 1027 for this 
window was evaluated based on ten repetitions. For eight out of ten tests water 
started infiltrating within the first minute after the pressure was raised to 900Pa, 
twice the infiltration started at 750Pa. The window was tested every time up to 
the point water infiltrated to the interior. Consequently, the gasket was wet and 
needed to dry before a subsequent test was executed. Hence, between every test 
there was a period of at least 20 hours to let the window dry. It was shown that 
completing two tests in one day was not advisable since for the second test water 
started infiltrating at much lower pressure differences. The surface friction of the 
gaskets was slightly lower in wet condition (during the second test), and it is 
known that lower surface friction reduces the airtightness and hence the 
watertightness of the window assembly. 
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Figure 6.5: Air flow rate and PEP plotted against the total pressure difference over the 
window 
Figure 6.5 shows the air flow rate as a function of the pressure difference across 
the window, both in dry as well as in wet (simulated rain) conditions. On the 
secondary Y-axis the measured PEP is plotted for the two situations. The 
measurement for the wet conditions does not go beyond 730 Pa pressure 
difference because water infiltration occurred at that stage. The pressure at which 
infiltration started differs from the results reported above, because the test 
sequence did not follow the stepwise approach according to EN 1027 (the 
pressure was gradually increased contrary to the stepwise approach in the 
standard). During a rain event a water runoff film will emerge and partially close 
the vents and weep holes, that, in turn, introduces an increase in flow resistance 
and pressure drop over the opening. Consequently, the degree of pressure 
equalisation will also decrease. As the rate of water infiltration into the cavity 
increases, at a certain infiltration rate the water cannot be drained quickly enough 
through the weep holes. As a result, water accumulates in the cavity and static 
water columns in the weep holes block the passage of air and thus the ability of 
the system to pressure equalise. For this particular window that phenomenon 
started at 600Pa, but was significantly affected by the test sequence (in the 
standard test sequence the phenomenon started at 750Pa). The imbalance of 
water influx and drainage capacity caused the pressure in the cavity to fluctuate 
with an amplitude up to 30 Pa and a period up to 0.2 second (figure 6.6). The 
pressure difference causes air leakage through the frame, which requires a 
continuous supply through the vents and weep holes. The hydrostatic water 
column and the inward air flow are opposing forces, which results in 
simultaneous shedding of water and inward air movement. The unstable pressure 
in the cavity is caused by the balance of hydrostatic pressure and air bubbles 
entering. From that moment onwards the average pressure in the cavity drops 
when the total pressure difference across the window is raised: increasingly more 
water enters, impeding the entrance of air and reducing the pressure equalization. 
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The amplitude of the fluctuation increases up to 50 Pa at the point of failure. If 
the total pressure difference is decreased, the fluctuation of the pressure in the 
cavity will not cease until all the water has drained. The amplitude of the 
fluctuation seems to be a measure to predict the failure of the window in 
different circumstances. For various combinations of drainage and vent holes, 
regardless of the total pressure difference, the window failed the moment the 
amplitude of the pressure fluctuation reached 50Pa. The phenomenon is absent in 
configurations without weep holes. Apparently, the pressure fluctuation is 
affected by the balance between infiltrating air and drained water, and the 
amplitude reaches a peak value when the water ingress exceeds the drainage 
capacity. 
 
Figure 6.6: fluctuation of pressure in cavity during rain. Separate recordings were put in 
a sequence for illustration. 
The pressure equalization of the window was simulated with the model presented 
in chapter 4. Based on the exterior pressure fluctuation, the model simulates the 
pressure in the cavity based on the airtightness characteristics of the interior and 
exterior planes and the volume of air in the window. Two separate approaches 
for the airtightness characterization were applied. First of all, the power law of 
both inner and outer plane were determined based on the measured air flow rate 
through the window, and the pressure over the exterior and interior plane 
respectively. This was measured in dry and wet conditions. Although this 
approach is most accurate, it is impractical and limits the applicability to 
windows different from the one considered here. Consequently, the second 
approach is based on the area of the vents and weep holes, and the measured 
overall airtightness of the window. Assuming orifice flow and a chosen flow 
exponent, the power law function for the exterior plane can be estimated. 
Subsequently, it is assumed that the interior plane is much more airtight than the 
exterior plane, and the measured airtightness can be attributed solely to the 
interior plane. Furthermore, based on the discussion above, it was assumed that 
during rain events 2 out of 3 weep holes are occluded with water (several other 
assumptions were considered, but none provided a better fit). The simulations 
based on the accurate characterization are referred to as ‘sim 1’, whereas the 
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second approach is referred to as ‘sim 2’. Figure 6.5 comprises the simulated 
PEP for both dry and wet conditions. The results indicate that the simulations 
based on orifice flow (sim 2) underestimate the PEP significantly. The 
simulations based on the accurate characterization (sim 1) show reasonable 
agreement with the measured PEP. The exterior plane is typically accompanied 
by a lower flow exponent compared to the interior plane, which indicates a more 
turbulent flow. At higher pressures the additional resistance due to turbulent flow 
causes a decrease in pressure equalization in the cavity.  
Furthermore, the measurements showed that in dry conditions there is a sudden 
decrease in PEP at 800Pa, and a similar decrease is recorded for wet conditions 
at 600Pa. The deflection of the sash was measured, but that did not render a 
straightforward explanation for the sudden shift in behaviour.  
The air flow rates also increase significantly at 600 and 800Pa for wet and dry 
conditions respectively. For higher pressure differences, there is a non-linear 
increase in flow coefficient and reduction in flow exponent for both the inner and 
the outer plane. A small flaw at the interior gasket changes the ratio of inner and 
outer plane significantly, and the pressure equalization will be affected 
accordingly. The shift in behaviour corresponds to the combination of 
deformation of the sash on one side, and the mechanical performance and 
friction of the gaskets. The leakage characterization for the simulations was only 
based on the range 0 – 600Pa. More accurate simulations would require variable 
power law parameters for both planes. However, these should be function of the 
pressure over the gasket on one side, and on the other side, a function of the 
overall pressure difference that determines the deformation.   
 
Figure 6.7: watertightness failure related to number of vents and weep holes, and Ars/Aab 
ratio as a function of number of weep holes and vents 
# Openings Ars/Aab 
0 0 
1 2.29 
2 4.59 
3 6.88 
4 9.17 
5 11.47 
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The difference between the two pressure taps built into the frame is smaller than 
10 Pa for 71% of the time, but in some cases the difference rises up to 30 Pa. 
Over 70% of the time the left jamb (where the stay arm of the turn and tilt 
hardware penetrates the airtightness seal) is at a higher pressure than the right 
one. The penetration enables a higher air flow rate at that spot, so the pressure 
equalisation will be slightly modified in the left upper corner of the window. 
However, the effect on the overall performance is negligible.  
Figure 6.7 shows the results of different tests on the same window, for which the 
number of vents and weep holes are changed. First of all, it is clear that there 
should be at least one weep hole: adding more vents will only increase the 
pressure equalization and lower the pressure difference over the outer plane, 
which drives the water into the cavity. As a result, adding vents only postpones 
the moment the buffering capacity is exceeded, and failure occurs. Secondly, if 
there is at least one weep hole, high pressure differences can be obtained without 
failure if there are enough vents. When at least one weep hole is present, the 
effect of adding a vent or a weep holes is similar. Once there are three weep 
holes, the presence and number of vents has little influence on the performance: 
at certain points in time the separate weep holes will function as a vent while the 
other weep holes drain water. In chapter 5 guidelines were cited on minimum 
Ars/Aab ratios to obtain adequate pressure equalization. Based on simple 
analytical models, a value of 10 was put forward as minimum ratio, whereas the 
use of numerical models yielded minimum Ars/Aab ratios of 25 to 40. The 
window tested here do not comply with these latter requirements. Furthermore, 
for a single Ars/Aab ratio (4.59; 2 openings), a range of different watertightness 
levels are found. Even though these tests were done under static conditions and 
the latter guidelines were derived for dynamic conditions, this already indicates 
that the guidelines do not provide a reliable estimate in terms of minimum 
requirements to obtain good watertightness. 
6.3.2 Dynamic test conditions 
The standard test procedure contains a wetting period of 15 minutes followed by 
a number of pressure steps of 5 minutes each (figure 6.1). According to the 
standard test procedure the window fails at 900 Pa, whereas it fails at 750, 900, 
750 and 750Pa for pressure steps of 4, 3, 2 and 1 minute respectively. Given the 
number of pressure steps, shortening each step by 1 minute significantly 
decreases the overall testing time. The longer every pressure step lasts, the more 
time the water has to rise in the cavity and eventually run over the edge past the 
sealant due to wind and hydrostatic pressure. Consequently, based on buffering 
capacity one would expect an increased performance for shorter time steps. 
However, the gaskets display an elastoplastic behaviour, similar to e.g. rubber 
materials, which is accompanied by hysteresis in the stress-strain relationship. 
The gasket is typically compressed when the window is closed, and by applying 
air pressure on the sash, the compression decreases slightly. Due to the 
elastoplastic behaviour of the gasket, a slow pressure build up provides the 
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gasket more time to relax, which has a positive effect on the airtightness. A rapid 
pressure build up causes a sudden deformation, and the slow relaxation of the 
compressed gasket towards its initial shape will cause larger air flow rates. In 
addition, the rapid deformation abates the friction between the gasket and the 
window frame. These effects are demonstrated in figure 6.8: the air flow rates 
were measured at 800, 900 and 1000Pa in ascending and descending mode. First 
of all, the pressure was gradually increased in a timeframe of 30 minutes, and the 
constant air flow rate measured at the indicated pressure is reported as ascending 
in the figure. In a separate test, the pressure was increased promptly from zero to 
the indicated pressure, resulting in a much higher initial air flow rate (due to 
elimination of the friction), which decreased exponentially over time (due to the 
relaxation of the gasket). The standard test method comprises a sequence of 
static pressure steps followed by an sudden increase. Corresponding to figure 
6.5, the effect of increased air flow rates becomes important at pressures of 
800Pa and higher. The initial unstable air flow rate at 800Pa is probably caused 
by relaxation or creep in the gasket. Consider that the increase in airtightness 
causes a higher pressure drop, which in turn shifts the operating point of the 
pressurisation fan, but this effect was compensated for by means of frequency 
control. 
 
 
Figure 6.8: Decreasing air flow rate at a constant pressure difference due to elastoplastic 
behaviour of the gasket. 
From this, it can easily be understood that the test sequence will have a major 
influence on the airtightness, pressure equalization and watertightness of a 
window. Figure 6.9 shows the pressures and PEP in the window frame when a 
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sudden increase in exterior pressure is applied. The fluctuation of the exterior 
pressure Pe is caused by the interaction of the balancing displacement of the 
insulating glass unit (compression of gaskets and distortion of the sash) with the 
operating point of the fan. During the pressure build-up of the exterior pressure, 
the pressure in the cavity Pc rises accordingly, up to a total pressure difference of 
550Pa (740Pa for wet conditions). Although one might expect that, in 
accordance with figure 6.5, the gasket in wet conditions will fail earlier 
compared to dry conditions, the opposite was recorded. At that point the gasket 
is unable to follow the movement and the friction is superseded, resulting is high 
air flow rates and poor pressure equalization. Consider that these tests showed 
poor repeatability due to variation in the surface condition of the gasket, and the 
period of gasket compression before testing. The pressure in the cavity is highly 
irregular in wet conditions, due to the interaction of infiltrating air and draining 
water. During a gust event, the pressure equalization drops to about 40%, and the 
majority of the total pressure difference acts on the exterior pane and drives 
water into the cavity. This behaviour is not reflected by the numerical 
simulations: results from simulations indicate that the pressure equalization 
never drops below 80%.   
 
Figure 6.9: Pressure difference and PEP during a gust effect 
As the window fails at 900 Pa (after 1 minute) in normal test conditions 
according to the European standard, it is investigated when it fails subjected to 
gust effects. For this experiment gusts of 5 seconds were used, alternated with 5 
seconds at about 10% of the gust pressure difference (e.g. 90Pa – 900Pa). When 
a gust pressure difference of 900 Pa is applied water infiltration starts during the 
second gust. The window fails after 5 gusts when a gust pressure difference of 
750 Pa is applied, and at 600 Pa it does not fail during a test with 50 gusts. The 
inability of the gasket to close quickly enough will cause water infiltration to 
occur at a lower pressure difference compared to static conditions. Under these 
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conditions the pressure equalization model is not useful, and consequently, 
guidelines derived from such a model should not be used for window design. 
Furthermore, even when subjected to cyclic pressure fluctuations the 
performance level is reasonable good (please refer to chapter 7), even though the 
Ars/Aab ratio is only 11.47, well below typical values found in guidelines.  
6.4 Water infiltration  
The difference between failure types T1 (drainage and/or buffering capacity 
exceeded) and T2 (infiltration due to kinetic energy) is not always self-evident. 
This section focuses on the infiltration of water into the cavity during static and 
dynamic boundary conditions. Consider that good pressure equalization might 
not always be the optimal strategy to obtain good watertightness, and perhaps 
might even increase the risk for failure. For a given configuration, the risk of 
water ingress to the interior is determined by the amount of water that enters the 
cavity, the drainage capacity, and the ability of the interior gasket to resist wind 
pressure, hydrostatic pressure and capillary pressure. Good pressure equalization 
might reduce the amount of water that infiltrates, but also increase the pressure 
on the interior gasket.  
6.4.1 Static test conditions 
The effect of pressure difference on water ingress into the cavity was evaluated 
on an aluminum window frame (please refer to figure 6.13 for the cross-section). 
A turn-and-tilt window of 1.2m wide and 1.6m high was equipped with pressure 
taps, and water that was drained from the weep holes was collected and weighed. 
The window comprised three gaskets: one that acted as primary rain screen on 
the exterior, a central gasket that acted as air barrier and watertightness barrier, 
and the interior gasket was primarily intended to increase the acoustical 
performance. Measurements showed that the contribution of the interior gasket 
to the overall airtightness was minimal. The test setup was designed in such a 
way that the measuring devices did not change the pressures in the cavity, and 
the collection tray did not entail additional air flow rates. The volume of the 
cavity was 1900cm³, and there were three weep holes each with an area of 
90mm². The overall air leakage was characterized by a power law 0.24*ΔP0.57 
(m³/h), and no vents were installed. The air leakage through the weep holes was 
calculated based on orifice flow.  
Besides the basic setup, 5 more configurations were tested. First of all, 5cm of 
gasket was removed from the top left and right corners at the jambs of the sash 
(Ars increases from 270mm² to 320mm²). Subsequently, 10cm of gasket was 
removed on both sides (Ars: 370mm²). The fourth, fifth and sixth configuration 
were all based on the setup with 5cm of missing gasket on both sides. In the 
fourth test, the joint between sash and frame was taped from the exterior at the 
jambs. In the fifth configuration, the middle weep hole was sealed, and  in the 
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final setup a drip profile was installed on the rail that diverts the water runoff. 
The removal of a piece of the gasket was intended to increase pressure 
equalization, whereas the tape and drip profile on the sash were installed to 
determine the primary entry pathways of the applied water spray. The basic setup 
failed at 250Pa, the configuration with the drip profile failed at 600Pa, whereas 
water infiltration was recorded at 450Pa for the other tests. To evaluate the 
impact of pressure difference on the water ingress into the cavity of the window 
frame, in figure 6.10 the pressure over the exterior side is reported as a function 
of total pressure difference. Furthermore, the measured water ingress is also 
reported for the different configurations. The driving forces that act on the water 
are exterior pressure difference, gravity, kinetic energy and surface tension. The 
results given in the figure clearly show that even without pressure difference, a 
significant amount of water infiltrates into the cavity. Moreover, even though the 
pressure over the exterior side rises up to 20-100Pa for the various 
configurations, the impact on water ingress is limited. Furthermore, the increase 
in water ingress due to pressure difference shows no clear correlation with the 
pressure over the exterior side.   
The pressure over the exterior side was expected to decrease by removing a part 
of the gasket (increasing the vent area and PEP). Based on vent area, the largest 
pressure difference over the exterior gasket is expected for the sealed weep hole 
(5cm weep), followed by the basic configuration, 5cm + tape, 5cm, 5cm drip, 
and finally the removal of 10cm of gasket results in the largest vent area and 
probably the highest PEP. This sequence was more or less found at 50 and 
100Pa, but at higher pressures the sequence is independent of vent area. The best 
pressure equalization was found when a drip profile was installed, which shields 
the horizontal joint at the rail. The highest pressures over the exterior gasket are 
found for the configuration with one sealed weep hole. Possibly, the reduction in 
drainage capacity increases the amount of water drained through the remaining 
weep holes, reducing the ability to temporarily act as vent during testing. These 
effects indicate that the weep holes do not serve as vents during rain events, and 
the pressure equalization is mainly determined by additional leakage along the 
perimeter of the exterior gasket. During rain events these joints can get covered 
by a water film or rivulets. Given the fact that considerable water infiltration 
rates were recorded without pressure difference, it is assumed that the runoff 
pattern of the water has a significant effect on the water ingress into the cavity.  
Nevertheless, the standard watertightness test performance levels for the 
different configurations do reflect the water ingress in the cavity to some extent. 
The basic setup failed at 250Pa, while high infiltration rates were recorded. The 
setup with drip profile showed the lowest amount of water infiltrating into the 
cavity, which results in the best watertightness class as well (600Pa). The other 
configurations failed at 450Pa. Note that the sequence of infiltration rates is 
hardly affected by applying a pressure difference; the initial infiltration rates 
without pressure difference provide a better estimate for the overall 
watertightness than the degree of pressure equalization. In chapter 5 it was found 
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that water infiltration rates though circular openings showed a clear correlation 
with the pressure difference across the opening. Next to that, the effect of water 
runoff increased for larger openings. The measurements on the window frame 
indicate that the runoff-pattern may be equally or even more important than the 
imposed air pressure difference across the gasket in respect to water ingress into 
the cavity. 
 
Figure 6.10. Pressure over the exterior gasket and water infiltration rates into the cavity 
for various window configurations 
The pressure over the exterior gasket was also calculated by means of numerical 
simulations, and reported in figure 6.10. The results indicate that the pressure 
equalization is overestimated significantly at higher pressures. First of all, the 
effect of water and drainage is not taken into account, and secondly, the gasket 
may be susceptible to accelerated loss of friction due to the presence of water (as 
was evident in figure 6.5). Predicting the pressure response of a window during 
rain events by means of numerical simulations would require accurate 
characterization of the air leakage rate along the exterior perimeter of the frame, 
mechanical behavior of the sash and the gaskets, and should take the effect of 
friction between gasket and frame into account. Note that the air leakage along 
the exterior gasket is also affected by the runoff pattern of the water sprayed on 
the sample.   
6.4.2 Dynamic test conditions 
In the static tests, the configuration with 5cm of missing gasket and a drip profile 
installed on the rail showed the best performance, consequently that case was 
used in the dynamic tests to evaluate the difference in performance. The dynamic 
test sequence consisted of applying a step function corresponding to periods of 3, 
5 and 10 seconds. Three step functions were applied, the first one alternated 
between 600 and 300Pa, the second one between 400 and 200Pa, and the third 
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one alternated between 200 and 60Pa. Decreasing the pressure to zero does not 
correspond to typical turbulence on facades (and would also allow the profile to 
drain easily).  
 
Figure 6.11. Measured and simulated pressure fluctuation for dynamic boundary 
conditions. 
The exterior pressure fluctuation is shown in figure 6.11 for two cases, as well as 
the measured and simulated pressure in the cavity of the window profile. The 
numerical simulations overestimate the pressure during peak values, and 
underestimate the pressure in the pressure valley. In static conditions the 
simulations also underestimated the pressure in the cavity. Consequently, during 
the pulses there is a slightly higher air flow rate, similar to the effects reported in 
section 3, albeit less explicit. It was visually observed that the water in the cavity 
drained above all during the pressure decline, which prevented the accumulation 
of water in the cavity and occlusion of weep holes. For none of the tests at 200 
and 400Pa water ingress to the interior was recorded, regardless of the period. 
During the test sequence with pressures up to 600Pa, infiltration was evident 
after 5 minutes for the 10s period, and after 6 minutes for the 3s and 5s periods. 
The black lines in figure 6.12 show the amount of water that infiltrated during 
dynamic boundary conditions. Note that the water ingress is relatively stable in 
respect to the total pressure difference, and the measured infiltration rates are 
very similar to those recorded under static boundary conditions. Assuming that 
the infiltration rate is correlated with the instantaneous pressure over the total 
window (Ptot), the infiltration rates under dynamic conditions were calculated 
using the infiltration rates measured under static pressure conditions (predictions 
indicated with red lines in figure 6.12). The measured infiltration rates are 
generally lower than one might expect based on the pressure fluctuation and the 
measured infiltration rates under static conditions. Furthermore, the dynamic 
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aspect does not increase the amount of water ingress, on the contrary. Assuming 
that the pressure over the exterior gasket or rain screen (Prs) is the dominant 
parameter for water ingress, the correlation ingress – Prs was derived from figure 
6.10 under static conditions and applied to the measured instantaneous pressure 
over the exterior gasket during dynamic testing (green lines in figure 6.12). 
These results overestimate the infiltration rates compared to the measured values, 
which confirms that the pressure over the gasket is not the primary force for 
water to infiltrate. Contrary to the conclusions in chapter 5, the water infiltration 
rate does not increase significantly under cyclic pressure conditions. Next to that, 
decreasing the period of pressure fluctuation, thus increasing the frequency, does 
not increase the infiltration rates significantly.  
 
Figure 6.12 Water ingress into the cavity at 200, 400 and 600Pa dynamic pressure 
conditions. 
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Figure 6.13 Illustration of infiltration past the central gasket, and cross-section. The 
arrow indicates the touch of the central gasket with the frame of the top of the sash. 
Based on the measured infiltration rates, which are nearly identical at 200 and 
600Pa, one would expect that failure type T2 occurred, and water infiltrates due 
to high air flow rates. However, even during rain events the window was very 
airtight. Figure 6.13 shows the failure pattern on top of the sash. The touch of the 
sash with the gasket located in the frame is indicated in the picture and the 
section with an arrow. The left side is oriented to the exterior. Air flow rates with 
sufficient kinetic energy to entail raindrops are typically very concentrated, 
whereas the picture indicates water infiltrated over the full length of the central 
gasket. A part of the water that infiltrated into the first cavity flows towards the 
central gasket due to kinetic energy of water droplets and surface tension. At 200 
and 400Pa pressure fluctuation the gasket is compressed adequately, but at 
600Pa the movement of the sash has increased, and capillary forces push water 
in the slit between the gasket and the frame. Consequently, the friction is 
eliminated and the repeated pulsation creates a pumping effect on the water. 
Contrary to the behavior of the gasket described in section 3 of this chapter, this 
effect is not accompanied by a decrease in pressure equalization because the 
water film continuously provides an airtight barrier due to capillary forces. The 
water visible in the picture was not caused by high air flow rates; the gasket was 
not able to resist the forces driving the water to the interior cavity. 
This effect could also be reduced by shielding the gasket from water. Within the 
window frame, the path of water droplet is mainly determined by wind velocity, 
kinetic energy, gravity and surface tension. When the pathway is very tortuous, 
the droplets will be directed onto the sides of the pathway and run down due to 
gravity. Basically, the number of turns and the sharpness and distance between 
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turns the droplets need to take will determine how far droplets with high kinetic 
energy can penetrate into a profile [256]. 
 
The static and dynamic tests on the 6 window frames show different types of 
failure behavior. Windows with poor airtightness typically fail due to local water 
ingress entailed by high air flow rates (under static and dynamic conditions). 
Better airtightness results in lower air velocities, and at that point the failure 
behavior is determined by either the elastoplastic behavior of the gasket (which 
is most evident under dynamic pressure fluctuations) or by the buffering and 
drainage capacity of the window (which is most evident under static test 
conditions). Neither effect is comprised in the pressure equalization simulations. 
Furthermore, more complex window configurations are more susceptible to 
construction and installations flaws than simple turn-and-tilt windows. 
6.5 Gaskets and hardware 
6.5.1 Gaskets 
The effect of gaskets on the airtightness and watertightness of window frames 
was evaluated on a wooden turn-and-tilt window frame, with one gasket in the 
sash and none in the frame (a schematic of the cross-section is provided in figure 
6.2). In total, 9 setups were tested with 7 different gasket types. An overview of 
the gaskets and corresponding description is provided in table 6.1, sections are 
shown in figure 6.14. Gaskets A-E were partially cut and folded in the corners, 
as specified by the respective manufacturers, to ensure the continuity of the 
airtightness at the corners of the sash. That way there is a mitre joint for 75% of 
the width of the gasket, whereas the outer remaining part is bent in a 90° angle. 
For gaskets F and G there were two versions: the first one was also cut in the 
corners, the second one was prefabricated: cut and welded to a mitre joint at the 
corners. For every setup, the air leakage rate was measured for a positive 
pressure (higher pressure on the exterior side) and a negative pressure, the 
operating moment to open and close the window was determined, and finally the 
window was subjected to a standard watertightness test. The operating moment s 
are reported in table 1, as well as the air leakage rate at 50Pa (average of positive 
and negative pressure conditions). Note that the best airtightness class according 
to EN 12207 [227] is defined by a peak air flow rate of 0.48m³/h.m at 50Pa.    
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Table 6.1. Overview of gaskets with corresponding window operating moments and air 
flow rates. 
Gasket Type 
Closing moment 
[Nm] 
Opening moment 
[Nm] 
Q50 
[m³/h.m] 
A CTE+F 9.3 6.1 0.17 
B CTE 8.1 6.2 0.22 
C CTE 7.2 5.5 0.09 
D CTE 9.3 5.6 0.22 
E Silicone 10.8 9.2 0.04 
F-1 CTE 13.3 11.2 0.25 
F-2 CTE 10.6 8.9 0.34 
G-1 CTE+F 10.8 6.6 0.11 
G-2 CTE+F 12.9 11.2 0.03 
CTE: co-extrusion thermoplastic elastomer, F: thermoplastic foam in the core 
There is no significant difference between the co-extrusion thermoplastic 
elastomer (CTE) and the co-extrusion thermoplastic elastomer with 
thermoplastic foam in the core (CTE+F) gasket. The only silicone gasket (E) 
performs very well, and is by far the most expensive as well (followed by G and 
A). Furthermore, B and F are the cheapest products and apparently also showed 
the poorest performance. The difference between a cut or welded gasket is less 
straightforward. The weld itself is perfectly tight, whereas the solution with a 
partial cut introduces an increased risk for local air losses at the cold mitre joint. 
From this, it is expected that welded joints perform significantly better than cut 
joints. Gasket F performs worse when welded, whereas gasket G yields the best 
airtightness of all samples when welded. Even though the corner is the primary 
location where infiltration typically occurs through the gasket, welded corners 
sometimes cause a different type of flaw. When the gasket is heated for too long 
prior to the welding process, too much material has melted at one location and 
the corner itself becomes very rigid compared to the initial shape: there is a 
massive lump of material, in contrast with the original tubular design. When the 
window is closed, the rigidity of the corner element results in a high local 
mechanical pressure on the gasket, but as well, a reduced and inadequate degree 
of compression of the gasket in proximity to the corner along the window 
perimeter. As a result, inadequate compression yields poor airtightness. The two 
welded configurations yield the best and the worst result of all samples. The air 
leakage rate is reported for positive and negative pressure in figure 6.14.  
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Figure 6.14. Air leakage rate for all gasket types for positive and negative pressure 
conditions. 
The turn-and-tilt window opens to the inside. When a positive pressure is applied 
to the exterior side, the sash moves away from the frame, which sometimes leads 
to increased air flow rates. Contrarily, negative pressures pull the sash tighter to 
the frame, thereby increasing the compression of the gaskets. This effect 
typically results in higher air flow rates under positive pressure conditions, as is 
evident from figure 6.14. Gaskets F and G require a slightly wider groove in the 
section for the window frame, and because this was not the case in the test setup 
a slightly higher operating moment was measured for these samples. The 
watertightness of all configurations was tested up to a pressure difference of 
1200Pa without failure. 
6.5.2 Hardware 
To evaluate the effect and interchangeability of hardware types and brands, 7 
identical vinyl windows were manufactured, with identical size, section, 
reinforcements, gaskets, glazing type, etc. These windows are identical to the 
one tested in section 3 (please refer to figures 6.3 and 6.4). The only difference 
between the windows was the hardware: 7 different types of hardware (4 brands) 
were installed in the turn-tilt windows. This also meant that not every window 
had the same amount of closing points: this varied from 9 to 12. Furthermore, 
every single window was constructed by a different manufacturer. Out of 7 
windows, 5 did not reach the watertightness level that was achieved during initial 
type testing (1200 Pa). Two windows initially did not obtain a watertightness 
performance level corresponding to 450Pa.  
Some failures were traced back to construction errors of the manufacturers. With 
some guidance, corrections (one sash had to be replaced) and a number of 
follow-up experiments, eventually all windows  were able to reach a satisfactory 
level (at least 600 Pa). Eventually only 3 windows achieved the same 
watertightness level as during initial type testing. Further analysis pointed out 
that the resistance to water infiltration was correlated with the airtightness of the 
 A       B       C       D       E       F       G    
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window, but no correlation with the type of hardware, number of closing points 
or brand was found. Without any doubt, the most important parameter was the 
quality of the installation of the sash and fine-tuning of the hardware. First of all, 
the position of the sash was adjusted to ensure a uniform overlap of the gasket on 
the frame on all sides (tolerance: 1mm). Subsequently, the degree of squareness 
of the sash was assessed and adjusted when necessary (tolerance: 1mm). Finally, 
the hardware was adjusted to ensure equal compression of the gasket around the 
perimeter of the sash (tolerance: 0.5mm). Note that the effect of the fine-tuning 
of e.g. closing taps on the required force to bolt the gearbox was restricted: after 
each adjustment it was measured and only approved when the moment of force 
was below 10Nm, in accordance with national guidelines on ease of use. 
6.6 Conclusions 
When water ingress is observed in windows, one can differentiate between the 
location (glazing stop, operable joint, joints between frame members), the type 
of failure (drainage and/or buffering capacity, lack of airtightness) and the type 
of flaw that caused failure to occur (construction, installation, design). This 
chapter focused on the failure types, and installation and design guidelines.  
When too much water infiltrates into the cavity, water cannot be adequately 
drained through the weep holes; water thus accumulates in the cavity and static 
water columns may block the weep holes and reduce or eliminate pressure 
equalisation. The results indicate that vents provide an important contribution to 
the watertightness of window frames. Note that the pressure over the exterior 
side only has a minor effect on the amount of water that infiltrates, and dynamic 
pressure conditions may increase the drainage capacity which results in lower 
infiltration rates compared to static conditions.  
In dynamic boundary conditions, a rapid pressure build up causes a sudden 
deformation, and the slow relaxation of the compressed gasket towards its 
original state will cause larger air flow rates due to hysteresis in the stress-strain 
relationship of the gasket. In addition, the rapid deformation abates the friction 
between the gasket and the window frame, which may cause the window to fail 
at lower pressure differences compared to static boundary conditions. This also 
indicates that the current standard test method is probably inappropriate to assess 
the watertightness performance level of windows. The current method only 
consists of static test conditions, and does not address the specific failure 
behaviour of window frames adequately. Furthermore, the presence of water 
near the gasket during pulsations may lead to capillary water uptake and 
transport water to the interior by the pumping action without a significant 
increase in air flow rate.  
The type of gasket has a significant effect on the airtightness of a window frame. 
Note that gaskets with a welded mitre joint in the corner perform better than cold 
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joints which were cut and placed in position. However, poor execution of the 
weld leads to much higher air flow rates due to uneven compression of the 
gasket. Furthermore, the fine-tuning of the hardware is of major importance to 
the watertightness performance. First of all, the sash must be positioned 
accurately in respect to the frame to ensure a correct touch of the gasket on the 
sash (tolerance: 1mm). Subsequently, the squareness of the sash should also lie 
within a 1mm tolerance. Finally, an equal compression of the gasket around the 
perimeter of the sash (tolerance: 0.5mm) also helps to avert premature failure. 
The pressure equalization in the cavity was simulated with a validated numerical 
model (using accurate air leakage characterization during rain events), but the 
simulations were not able to predict the specific phenomena that cause the 
window to fail, due to the volatile impact of water on the airtightness and the 
simultaneous effect of drainage and air supply in the weep holes. The 
measurements on water ingress did not confirm the conclusions from chapter 5: 
cyclic pressure fluctuation does not increase water ingress in the cavity. 
Similarly, higher frequencies do not increase the water ingress. Finally, the 
pressure difference over the rain screen was not the dominant driving force that 
pushes water through openings. The effect of cyclic pressure conditions on the 
pressure difference for which failure is recorded is not straightforward. For one 
window failure occurred at lower pressure during cyclic testing compared to 
static testing (section 6.3), whereas a different window showed better 
performance under cyclic pressure conditions (section 6.4). This indicates that 
watertightness test protocols should comprise both static and cyclic pressure 
conditions. 
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Airtight and watertight buildings require airtight and watertight windows. To 
date little information is available on the typical performance of window frames, 
and the aptitude of current regulatory performance levels for windows in respect 
to very airtight buildings is highly uncertain. Between 1997 and 2012, 437 
windows were tested in laboratory conditions for certification; the most 
important results in respect to airtightness and watertightness are reported here. 
For both parameters, vinyl frames yield slightly lower performance than 
aluminum or wooden windows. Single windows perform best, followed by 
double, composed and sliding windows. Window airtightness performance levels 
were calculated based on various building geometries and airtightness targets. 
Reducing the impact of windows on the overall building airtightness to 5% is 
realistic and feasible, even for very airtight buildings. The test results clearly 
demonstrate that airtightness, watertightness and resistance to wind loads are 
partially correlated. A comparison of guidelines and standards on watertightness 
of windows shows large discrepancies and little uniformity. Most turn-and-tilt 
windows show good watertightness and can be applied to very exposed 
conditions, whereas sliding windows have a limited scope.  
“All these must be built with due reference to 
durability, convenience, and beauty. Each class 
of building is assigned to its suitable and 
appropriate exposure.” 
Vitruvius 
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7.1 Introduction 
Airtightness, watertightness and resistance to wind loads are aspects of window 
which are often evaluated in laboratory conditions in the context of initial type 
testing. Poor airtightness might lead to large infiltration rates and corresponding 
energy consumption [257], draught problems [258], reduced acoustical 
performance [259] and malfunctioning HVAC systems [260]. A lack of 
watertightness increases the risk to water ingress under severe weather 
conditions, which can lead to premature deterioration of the frame itself and 
finishing elements nearby, and is generally perceived as discomfort [209]. 
Finally, the resistance to wind evaluates the deflection under high pressure 
differences and the ability to sustain peak pressures without failure. The 
deflection relates to the serviceability limit state and should be confined to avoid 
feelings of discomfort for inhabitants, and for large insulated glass units (IGU) 
large deflections might lead to failure of the primary seal, which in turn can lead 
to interior condensation in the IGU [261]. Contrary to the resistance to wind 
loads, airtightness and watertightness cannot be calculated in advance, and are 
highly sensitive to errors during construction and installation [236]. 
Consequently, the focus of this chapter lies on airtightness and watertightness of 
windows. 
 
Increased attention to energy efficiency and airtightness of buildings has led to 
more research on the design and realization of airtight components and interfaces 
such as window-wall interfaces [262], joints in wood-frame housing [263, 264] 
and using wind barriers to assure airtightness [265]. Furthermore, there is an 
increased interest in trying to estimate the overall airtightness of buildings based 
on qualitative assessment of the construction details without pressurization test 
[266-268]. However, little information is available on the airtightness of window 
frames, and which performance targets are necessary or feasible. 
 
Water ingress through building components is one of the most important 
pathologies in buildings in respect to both occurrence and consequences [244, 
269], and building practitioners often report water leakage in fenestration 
[236,246-248]. Most publications on watertightness of window frames focus on 
test protocols [233,250-252], and typically only comprise test results on a small 
sample group, if any. It is currently unclear which types of windows are most 
susceptible to water ingress, and which performance levels can be expected. 
 
This chapter gives an overview of literature on airtightness and watertightness of 
window frames, and reports the results of 437 windows tested in laboratory 
conditions in Belgium. Results are analyzed as a function of window type, 
dimensions, and materials. Furthermore, the interrelation of airtightness, 
watertightness and resistance to wind loads is discussed. Based on these results, 
the contribution of air leakage through windows to the overall air leakage in 
buildings is discussed and feasible performance targets are proposed. Finally, the 
measured watertightness performance is reviewed in respect to typical 
performance criteria defined in national guidelines and building codes.  
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7.2 Literature 
7.2.1 Airtightness 
Literature on airtightness of windows can be subdivided into on-site testing, air 
leakage databases and laboratory testing. Weidt and Weidt [270] tested 192 
windows on-site in Minnesota (US) and found that window type was the 
dominant factor controlling air leakage (material type did not affect results 
significantly). A selection of the results is reported in table 7.1. Most common 
defects that gave rise to excessive air leakage were weather strip discontinuity, 
poor sash fit and squareness, and malfunctioning hardware. Consider that for 
60% of the windows tested the air leakage exceeded the specifications stated by 
their manufacturer. Daoud et al. [271] found an average leakage of 10,32m³/h.m² 
for 154 aluminum windows tested on site in Kuwait. Turn-and-tilt windows and 
fixed windows performed best, horizontally hinged windows the worst. Most of 
the defects found were basically independent of size, e.g. gaps between the 
vertical sections of double sliders, missing hardware, missing hole caps.  
 
Provan and Younger [272] reported laboratory test results of 795 windows tested 
between 1971 and 1986 in the UK. Turn-and-tilt, top hung and side hung 
windows were found to be very tight, followed by pivot windows. Sliders on the 
other hand showed the poorest performance. Only the distribution of the 
windows in 4 performance levels was reported, as indicated in table 7.2. 
Carruthers and Newman [273] tested the airtightness of aluminum window 
frames with neoprene seals in the UK. Mean values and standard deviations are 
reported, but these results implicitly comprise the effect of different operators 
and test rigs. Assuming a normal distribution was applied, the first quartile, mean 
value and third quartile results are calculated and reported in table 7.1. Lawson et 
al. [274] analyzed the performance of 8 wooden window frames tested in the lab, 
see table 7.1. The AIVC [275] provides a database on airtightness of building 
components with data on the median value, second and third quartiles. ASHRAE 
fundamentals [276] on the other hand, reports the minimum, mean and maximum 
values for leakage rates. Consider that neither ASHRAE nor AIVC specify 
whether the reported values are characteristic for the initial performance of 
windows, or relate to on site performance. A selection of results is reported in 
table 7.1; all data for windows without weather-stripping are omitted because 
these are obsolete; weather stripping became mainstream in the 60’s [277]. The 
single and double windows are side hung. 
 
The air flow rate through an opening for an applied pressure difference is 
commonly expressed by the empirical power law equation: 
 
 ̇           (7.1) 
 
With  ̇: air flow rate (m³/h), ΔP: pressure difference (Pa), and C: flow 
coefficient (m³/h.Pa
n
) and n: flow exponent (-). All results from literature are 
converted into these quantities and normalized to 50 Pa; the discharge coefficient 
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Cd for converting Equivalent Leakage Areas is assumed to be 1, and the flow 
exponent is set to 0.66 (if not specified). Airtightness of windows is typically 
expressed per meter opening joint or per square meter. The first one better 
correlates with the geometrical aspects that determine the air leakage through the 
window. However, the latter is better suited to calculate the effect on the overall 
airtightness of buildings because typically only information on window area is 
available. 
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Table 7.1. Airtightness of window frames in literature [270,273-276]. 
[m³/h.m] 
 at 50Pa 
Weidt 
& 
Weidt
a
 
ASHRAE
b
 AIVC
b
 
Carruthers and 
Newman
c
 
Lawson et al.
c
 
min mean max low median high low mean high min mean max 
single sliding 3,37 0,97 3,26 10,03 
3,24 4,89 15,4 1,6 2,28 2,96 - - - 
double sliding 2,61 1,31 3,02 10,03 
single window 4,10 3,02 4,24 6,04 
2,97 5,65 7,91 0,84 1,39 1,95 5,22 13,05 20,88 
double window 3,08 0,97 3,17 9,25 
a
 on site testing, 
b
 database (source not specified), 
c
 lab testing 
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Table 7.2. Laboratory test on airtightness of window frames by Provan and Younger 
[272]. The distribution of windows according to four performance levels is shown, and 
the maximum air leakage per level at 50Pa pressure difference is indicated. 
 
Window type 
Class 1 
1.26m³/h.m 
Class 2 
4.85m³/h.m 
Class 3 
6.35m³/h.m 
Class 4 
7.69m³/h.m 
horizontal pivot  73% 20% 3% 1% 
vertical pivot  64% 28% 6% 0% 
side hung  83% 12% 0% 5% 
top hung  86% 14% 0% 0% 
bottom hung  100% 0% 0% 0% 
tilt-and-turn  85% 15% 0% 0% 
horizontal slider  0% 88% 13% 0% 
vertical slider  26% 48% 15% 4% 
 
First of all, the median AIVC and mean ASHRAE airtightness values correspond 
reasonably well to the mean values of on-site measurements undertaken by 
Weidt and Weidt. Remarkably, according to data given in ASHRAE and that of 
Weidt and Weidt, double sliders perform better than single sliders, and double 
windows likewise perform better than single windows. The AIVC data report 
significantly higher values for airtightness of sliding windows compared to all 
other references. Lab tests on single and double side-hung windows completed 
by Carruthers and Newman clearly show lower leakage rates compared to the 
information in the databases and that obtained from on-site testing. Based on 
reported drawings and pictures, it can be presumed that the high air flow rates 
reported by Lawson et al. were caused by incomplete weather stripping. When 
looking at the laboratory results by Provan and Younger, the results for the 
sliders confirm the earlier findings, albeit slightly higher than that of Carruthers 
and Newman. Side hung and tilt-and-turn windows show much better 
performance compared to all other values.  
 
Concluding, based on the information provided in tables 7.1 and 7.2, the initial 
performance of sliding windows lies in the range of 1.5 up to 6m³/h.m, with a 
median value around 3m³/h.m. Side-hung windows perform significantly better, 
and will typically yield leakage rates between 0 and 3m³/h.m, with a mean of 
1m³/h.m. Exposure to outdoor conditions will probably increase the air flow 
rates, but the only two references render diverging trends. Note that within the 
three types of sources (on-site testing, databases, laboratory testing), the oldest 
references always report the lowest air flow rates; there is no evident indication 
of technological evolution amongst different reports.    
7.2.2 Watertightness 
Similar to the data on airtightness, results for windows without weather stripping 
are excluded from the review. One of the first documents on watertightness 
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testing of window frames was published in 1959 [278]: watertightness test were 
done in the range of 100 to 700Pa with a water spray rate of 9L/m².h, but no 
results were reported.  
 
RDH [236,279] reported results from 113 laboratory tests and 127 field tests in 
the US. For the laboratory tests, 75 out of 79 infiltrations were found around 
operable units, only 3 were found on fixed units. Failure was caused by limited 
sill height (35), poor balance of airtightness and drainage (31) and sealant failure 
(13). It was not clear how many windows passed the test. In the field tests 33% 
of the windows failed and a wider range of failure causes was evident: 68 
infiltrations through fixed units, 61 around operable units. Only 20 window 
failures were attributed to a poor balance of airtightness and drainage, whereas 
116 installation errors were detected (most of them related to sealant or gaskets). 
Evidently, windows constructed for laboratory testing will be treated with great 
care in order to pass the test, whereas the same level of quality control is 
typically not maintained on the construction site. The balance of airtightness and 
drainage is situated at a design level, whereas site performance is typically 
affected by installation quality. Nevertheless, those design issues are equally 
important for on-site performance but perhaps these are concealed due to 
premature failure at joints. McDonald et al. [252] discussed the results of 
laboratory tests on 101 samples tested in the UK. Of all samples tested, 31% 
failed the first watertightness test and required remedial work (required 
performance level not specified). Again, sealants and gasket were the dominant 
causes for failure, followed by frame connection, holes and screws. 
 
Carruthers and Newman [273] determined at which pressure difference ‘gross’ 
water ingress occurred for three types of windows (total of 90 windows). The 
mean pressure for failure was 160 Pa (standard deviation ±55Pa) for horizontal 
sliding windows, 360 ±241Pa for side-hung windows, and vertical sliders 
performed even better and failed at 630 ±184Pa. Based on the variation of the 
result, it was concluded that the repeatability and reproducibility of 
watertightness tests is poor. However, about a third of the variation was 
generated by the mounting procedure, and the rest by variation within the batch 
of windows of the same design, the operator, and variation that arises from the 
test procedure. Consequently, no conclusions can be drawn in respect to 
repeatability. Brackley [280] on the other hand, retested a single window 4 times 
in a 3 month period and also found large variations. 
 
Concluding, similar to the airtightness of windows, side-hung windows perform 
significantly better than horizontal sliding windows. Vertical sliding windows 
are even more watertight, but that does not correspond to airtightness 
performance. In laboratory testing failure is typically found around operable 
components and is mainly caused by inadequate airtightness and drainage 
design. For field testing more water leaks are recorded, presumably at lower 
pressure differences. Typical failure in the field relates to installation errors: 
sealants, gaskets and frame connections. For both lab testing and field testing 
about 30% of all windows fail the watertightness test. 
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7.3 Laboratory test results 
In respect to results obtained from laboratory testing, two datasets were available 
for analysis: test reports from the Test Centre for Façade Elements at Ghent 
University and results from the Belgian Building Research Institute (for the latter 
not all details of the test reports were available). Only 4 window types and three 
materials were considered for analysis. Aluminum, vinyl and wooden window 
frames are most popular in Belgium, tests on steel and composite windows were 
rejected due to the small sample size. Fiberglass frames are not commonly used 
in Belgium, and none were tested. Turn-and-tilt windows are named single 
windows in Belgium whereas double windows are typically comprised of a side-
hung sash and a sash that can turn and tilt as well. The sliding windows consist 
of one fixed and one operable element. Finally, tests are often done on larger 
elements, which include fixed windows, turn-and-tilt windows, side hung 
windows, and double windows, referred to as composed windows in this chapter. 
In total 437 window test reports were used for analysis, the distribution over type 
and frame material is indicated in table 7.3.  
 
Practically all tests were done in the context of certification, which means that 
the manufacturer had to state specific performance levels for testing in advance 
of the test. Performance levels in respect to airtightness, watertightness and 
resistance to wind load for specific projects are typically interrelated, because all 
depend on the peak wind loads on the building. As a result, performance levels 
indicated by the manufacturer are also correlated, and should not be used for 
comparison. For airtightness the air leakage at a pressure difference of 50Pa was 
selected, for resistance to wind load the deflection at a pressure difference of 
1000Pa was used; these results are independent of the performance levels 
requested by the manufacturer. The watertightness was determined based on the 
highest pressure difference without water ingress. However, during testing the 
pressure difference was not raised above the performance level specified, so for 
some windows the watertightness is underestimated. All tests were executed 
between 1997 and 2012, and the windows were tested in accordance with EN 
1026 [281], EN 1027 [149] and EN 12211 [282] for airtightness, watertightness 
and resistance to wind loads respectively.  
 
Table 7.3. 437 windows tested – material and type. 
 
Aluminum Vinyl Wood All 
Single 82 28 39 149 
Double 41 21 39 101 
Sliding 39 5 11 55 
Composed 68 46 18 132 
Total 230 100 107 437 
 
Based on the window frames that were evaluated in the laboratory throughout 
that period, turn-and-tilt windows representative of common practice were 
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deduced for aluminum, wood and vinyl frames. These designs provide some 
insights on how window frames are typically conceived in Belgium, and allows 
evaluating to what degree the results can be transferred to other situations. For 
all designs there are several options to improve the thermal performance, but 
these typically do not affect the watertightness and are omitted here. Figure 7.1 
shows the cross-sections at the sill (a-c), and the drainage pathway is indicated 
with arrows. The use of two gaskets is customary, for aluminum and wooden 
frames these are typically situated central and on the interior side, for vinyl 
frames these are typically located on the interior and exterior side. All aluminum 
frames comprised thermal breaks which typically results in a 3-chamber design, 
and the vinyl frame is composed of 5 chambers. The vinyl frame is often 
reinforced with a steel U-section, as shown in the figure. Furthermore, figure 7.1 
also provides a cross-section of the vertical joint between the fixed and operable 
sash of a sliding aluminum window.  
 
Figure 7.1. Cross-sections of window frames at the sill (a) aluminum frame (b) wood 
frame (c) vinyl frame, and the horizontal cross-section of an aluminum sliding window 
7.3.1 Airtightness 
 
As could be expected, all air leakage distributions are positively skewed. In 
wood, single windows have the best performance in respect to airtightness, both 
for leakage per joint length and leakage per surface area. Based on joint length, 
sliding windows show the poorest performance, but due to their typical large 
sizes they are ranked second based on leakage per surface area. Similar to 
wooden windows, aluminum single windows perform better than the other 
window types. However, the sliding windows have the poorest performance, 
regardless whether expressed per joint or surface area. For vinyl windows, only 
the sliding windows perform significantly differently (worse) as compared to the 
other window types. 
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Figure 7.2. Different materials yield similar air leakage rates. 
 
Comparing the different materials for all the windows based on joint length, 
none of the distributions are significantly different, and none of the mean values 
are significantly different. Based on surface area, only the vinyl windows yield 
significantly larger air flow rates, as shown in figure 7.2. The same conclusion is 
valid when single windows, double windows and sliding windows are considered 
separately. Furthermore, for sliding windows wood performs better than 
aluminum, for composed windows all show similar performance. Note that 75% 
of all windows have an air leakage rate below 1.05m³/h.m². In the box plots 
shown in the figures, the minimum and maximum values are reported, together 
with the 1
st
 quartile, median, 3
rd
 quartile, whereas the mean is indicated with the 
solid marker. 
 
 
Figure 7.3. Air flow rate as a function of window type. 
 
If only the window type is considered (regardless of material), all results are 
significantly different when joint length is considered. The single windows 
perform best, followed by the double windows, composed and sliding windows. 
Based on air loss per surface area a similar rank is found, then only double 
windows and composed windows have a similar performance (see figure 7.3). 
Furthermore, based on joint data, the mean value of sliding windows is 4.85 
times higher than single windows, whereas based on square meters, sliding 
windows are only 2.44 times less airtight. Single and double windows both have 
a mean joint-area ratio of 2.8m/m², composed windows often comprised fixed 
elements which results in a mean ratio of 2.2m/m². Sliding windows are 
significantly larger than single and double windows, which results in a mean 
joint-area ratio of 1.4m/m² (which explains the shift in proportion of air flow 
rates between window types when considering surface area as reference). Also 
the poorest performance of sliding and composed windows is leveled out by 
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comparing air leakage averaged out over the surface-area; these types comprise 
fixed elements which distort the leakage per operable joint length. Provan and 
Younger reported that 85% of all turn-and-tilt windows had an air leakage below 
1.26m³/h.m, and 88% of the horizontal sliders show a leakage rate below 
4.85m³/h.m. For this database the corresponding values for 85% and 88% for 
single and sliding windows respectively are 1.75m³/h.m and 7.71m³/h.m. 
Surprisingly, the windows tested here between 1997 and 2012 seem to perform 
less well than the windows tested by Provan and Younger between 1971 and 
1986. For the single windows the 25
th
, 50
th
 and 75
th
 percentile correspond to 
0.40, 0.82 and 1.30m³/h.m, for double windows those percentiles are 0.72, 1.36 
and 1.96m³/h.m and for sliding windows 2.44, 3.95 and 6.42m³.hm. Compared to 
the values reported in table 7.1, the single windows clearly perform better than 
those covered in literature, and the double windows also have a low air flow rate, 
comparable to the values reported by Carruthers and Newman. On the other 
hand, the sliding windows tested here yield larger air flow rates than found in 
literature, even the field tests by Weidt and Weidt in 1980 yield better results.   
 
 
Figure 7.4. Cumulative distribution of air leakage rate at 50Pa positive and negative 
pressure for all window types. 
 
Figure 7.4 shows the cumulative distribution of the air leakage rate at a 50Pa 
pressure difference per surface area, for the different window types (regardless 
of material). All tests were done with both positive and negative pressure. The 
distribution demonstrates that the single windows are clearly more airtight, and a 
substantial number of windows shows an excellent performance (air flow rate 
below 0.1m³/h.m²). Double windows and composed windows show a similar 
performance, whereas sliding windows are significantly less airtight. Windows 
in Belgium typically open to the inside, which implies that a positive pressure on 
the exterior side will push the sash away from the frame, thereby reducing the 
pressure on the gasket that secures the airtightness. As is evident from figure 7.4, 
a positive pressure causes higher air flow rates compared to negative pressures 
(under which the sash is pulled against the frame, tightening the window). This 
effect is most pronounced for double windows. Contrarily, the opposite is true 
for sliding windows. The sliding element is typically also located on the interior 
side from the fixed element (to prevent dirt from settling on the track), but the 
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vertical joint between the fixed and operable element is tightened by means of 
opposing L-sections with gaskets, as indicated in figure 7.1 (d). When a positive 
pressure is exerted from the exterior side, the gaskets are increasingly more 
compressed, reducing the air leakage rate.  
7.3.2 Watertightness 
The watertightness of window frames during testing is evaluated by visual 
inspection: it was defined, in accordance with EN 12208 [283], that a window 
failed the moment water ingress occurred at a location which was not designed to 
drain to the exterior side, irrespective of the amount of water. Perhaps such a 
stringent criterion was not feasible a few decades ago: “Every window leaks to 
some degree when tested. It is therefore reasonable to presume that minor 
penetration is unimportant provided there are gutters to contain and drain away 
small amounts of water” [284]. However, note that Lopez et al. [233] also make 
an argument that the pass/fail criterion for watertightness should be based on the 
total amount of unmanaged water passing the innermost plane of the specimen 
during a severe weather episode, not the first sign of leakage. Perhaps a small 
amount of water could be tolerated, but these tests are only representative of 
initial conditions, and the effect of installation on site and exposure of the 
window to outdoor conditions on the amount of water ingress is very uncertain. 
Hence, the first sign of leakage was used to define the performance level. In 
figure 7.5 the performance level is shown, i.e. the highest pressure difference 
without water ingress, or in some cases, the maximum pressure that was applied. 
When a window failed at a pressure difference of 0Pa, the performance level was 
set to -50Pa. 
 
 
Figure 7.5. Watertightness of window frames. 
 
Only vinyl window frames show a significant difference with the other materials, 
and perform less well. For single and composed windows, there is no difference 
due to material use. For double and sliding windows, wood and aluminum 
significantly outperform vinyl. To summarize, over all 25% of the windows fail 
below 300Pa, the median value is 600Pa, and 25% fails at pressures above 
750Pa. Sliding windows and composed windows fail at the lowest pressure 
differences (please refer to figure 7.10). For sliding windows it is practically 
impossible to design a system that generates a positive pressure on all gaskets, 
and particularly the joint between the sliding and fixed sash is often the weakest 
WINDOWS: PERFORMANCE 181 
 
point. The lower rating for composed windows can probably be attributed to the 
higher complexity in construction, and the greater number of components and 
joints. Similarly, the double and single window are even less complex, which 
results in higher performance levels.  
 
For comparison with results obtained from literature, the performance levels of 
the 437 windows tested were increased by one pressure level in accordance with 
EN 12208 due to a different definition of failure. In literature the pressure at the 
moment of failure is reported, whereas in standard testing protocols the 
performance level is specified as the highest pressure difference without water 
ingress. For single windows this yields an average pressure difference of 901Pa 
with a standard deviation of 364Pa, which is much higher than the results found 
by Carruthers and Newman for side-hung windows: 360±241Pa. Next to that, the 
variation coefficient is also much lower. Similarly, sliding windows tested in the 
laboratory fail at 536±311Pa, whereas 160±55Pa was reported in literature. 
Although the sliding windows seem to be less airtight compared to those 
reported in literature, the watertightness is much better (but with a larger spread 
in results). 
 
Based on experience in the laboratory the most common errors that cause water 
infiltration are: 
- the gasket that secures the airtightness is discontinuous at the corners or 
hinges 
- poor compression of the gasket (e.g. due to poor adjustment of the 
hardware) 
- the size of the sash is not well adjusted to the size of the frame 
- the sash is not square or not correctly positioned in respect to the frame 
- the overlap of the gasket with the frame is too small to cope with 
tolerance issues  
- the joints and connections of the head, jambs, sill, mullions, muntins, 
rails or coupling bars are not tight 
- compression of the gasket is inadequate due to excessive deflection 
- the glazing stop is too short causing a high air leakage rate at the 
corners and hence water ingress 
- insufficient number of closing points   
- missing vents or weep holes 
 
Every material used in the fabrication of windows has its own specific 
construction method and technology to achieve watertightness, as such, every 
material generates both advantages over the choice of another material, and 
likewise potential problems. The type of material is also correlated with the scale 
of the production process. The investment to manufacture wooden window 
frames is relatively low and the necessary training can be obtained at most 
schools where courses in carpentry are available. Therefore most of the 
manufacturers of wooden windows are rather small workshops with only a few 
employees. Vinyl and aluminum window frames require more advanced 
technology and much higher investment costs. Often those enterprises are larger 
and the technology transfer is primarily located within the company itself. 
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Whereas much larger companies rely on subdividing the construction process 
into small, easy steps in an assembly line and use quality control systems, small 
workshops rely more often on craftsmanship and may have a larger risk for 
errors to occur. 
7.3.3 Interrelations 
Figure 7.6 shows the range of air leakage rates per meter joint corresponding to 
different performance levels in respect to watertightness. There is a clear trend 
that relates good watertightness with low air flow rates. If the 75
th
 percentile is 
used as a reference, distinct guidelines can be determined: a watertightness level 
of 300Pa requires an air flow rate below 3m³/h.m, 600Pa requires an air flow rate 
below 2m³/h.m, and performance levels above 900Pa require a maximum air 
flow rate of 1m³/h.m. For surface area based airtightness similar performance 
levels can be defined: 1,25m³/h.m², 1 m³/h.m² and 0,75m³/h.m² for 300, 600 and 
900Pa respectively. Good airtightness is a requirement for watertight windows, 
but this in itself does not suffice to ensure watertightness. Very airtight windows 
can still fail at low pressure differences. Good airtightness yields good pressure 
equalization of the drained cavity, reducing the driving force for water to enter 
into the cavity. Secondly, it reduces the peak air velocities, that in turn reduces 
the kinetic energy of water droplets entering the drained cavity of the window. 
Finally, good airtightness indicates there are few cracks or slits that would allow 
water to easily infiltrate. These results confirm the importance of airtightness for 
the watertightness of window frames, as discussed in chapter 6. 
 
Figure 7.6. The median air flow rate decreases for increasing watertightness 
performance. 
 
In figure 7.7 the air leakage is reported as a function of deflection at 1000Pa for 
window tests at Ghent University. When no measurements were done at 1000Pa 
pressure difference, the deflection was calculated assuming the beam shear does 
not intruduce significant strain (e.g. in the thermal break), and the deflection is 
proportional to the load. Displacement of supports was taken into account and 
compensated for. There is no strong correlation between deflection and 
airtightness, but in most cases large deflections yield large air flow rates. 
Typically the gaskets are not able to follow the movement of the sash, and 
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decreasing the compression of gaskets allows more air loss. However, even for 
large deflections the window can still be airtight. The effect is more pronounced 
for air leakage based on joint length. Figure 7.7 also shows the median deflection 
for the watertightness levels, and the corresponding 1
st
 and 3
rd
 quartiles. 
Apparently, for watertightness above 300Pa and 600Pa the deflection is 
restricted to 4mm and 2mm respectively. Again, the deflection itself does not 
allow predicting the performance in respect to airtightness or watertightness. 
 
 
Figure 7.7. Air leakage, watertightness and resistance to wind loads show moderate 
correlations. 
 
Good pressure equalization and watertightness depend on the collaboration 
between the frame, hardware and gaskets. The mechanical resistance is a 
combination of the stiffness of the frame and sash, the fine tuning of operating 
hardware and the number of hinges, stays and closing points that connect the 
sash to the frame. In order to analyse the influence of the positioning of the 
gaskets in the profile (inside, central or outside) the results of the aluminium and 
vinyl windows were analysed for the Ghent University data. Some results were 
excluded from the statistical analysis to avoid distortion due to infiltration 
problems which cannot be related to the gaskets. Most aluminium windows have 
two or three gaskets, and the most common systems are: inside-central, inside-
outside, inside-central-outside, and central-outside. In vinyl frames only inside-
central, inside-outside and inside-central-outside are used. The aluminium 
window frames with an inside-outside gasket configuration show the poorest 
performance, the other configurations all show similar performance. For vinyl 
window frames the inside-central configuration yields the lowest performance 
and, contrary to aluminium frames, inside-outside performs best.  
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7.4 Performance requirements 
7.4.1 Airtightness 
An overview of regulatory requirements and guidelines on airtightness of 
windows was found in literature [275]. To compare the requirements in different 
countries, those expressed as a function of length of opening joints (indicated 
with *) are converted to air loss per square meter in table 7.4. Based on the 437 
windows in the database, the median joint-area ratio is 2.5, and 50% of all 
windows lie in the interval 2.0-2.9. Consequently, a ratio of 2.5 was used for 
conversion, whereas EN 12207 [227] implicitly assumes a ratio of 4 for 
classification purposes. Table 7.4 gives an overview of the performance levels. 
Consider that for reasons of clarity, the most airtight class is always assigned 
rank 1 here, which differs from the nomenclature used in some standards. 
 
Table 7.4. Regulatory requirements on airtightness of windows. 
m³/h.m² at 50Pa 1 2 3 4 5 6 
Canada* (A440) 1.05 3.16 5.34 - - - 
Europe (EN 12207) 1.89 5.70 17.09 31.64 - - 
Finland (SFS 3304) 0.38 1.91 - - - - 
France (NF P20 302) 4.43 12.66 37.97 - - - 
Germany* (DIN 18055) 7.5 15.00 - - - - 
Netherlands (NEN 3661) 8.44 11.03 17.43 27.55 - - 
New Zealand (NZS N4211) 3.49 13.95 29.64 - - - 
Switserland* (SIA 331) 8.84 - - - - - 
United Kingdom* (BS 6375) 0.48 0.77 1.00 3.20 12.10 15.85 
USA* (ASHRAE 90-80) 5.30 - - - - - 
 
Based on the laboratory results, 75% of all windows have an air leakage rate 
below 1.05m³/h.m². Out of the ten classification systems considered here, only 2 
allow differentiating the performance of that group more in detail. Whether or 
not it is desirable or necessary to develop more stringent performance levels 
depends on the impact of air leakage through windows on the overall building 
airtightness. Note that the evaluation of draught risk does not fall within the 
scope of this chapter, and is not taken into account. The effect of air leakage 
through windows was calculated based on 200 dwellings which statistically 
represent typical construction in Belgium: 69 apartments, 82 detached, 32 semi-
detached and 17 terraced dwellings, please refer to [285] for more details on 
building geometry and window sizes. The impact of air leakage was evaluated as 
follows: 
 
         
                  
             
   (7.2) 
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Where Iwindow (%) is the share of the air loss through the window in respect to the 
overall building air leakage at 50Pa, Awindow is the surface area of the windows 
(m²), vwindow is the air loss through the window (m³/h.m²) at 50Pa, n50 is the 
expected or desired airtightness of the building (h
-1
) and Vinterior is the interior 
volume of the building (m³) as defined in EN 13829 [286], which describes the 
airtightness pressurization test.  
 
There is little reliable information on the typical distribution of air losses over 
the building envelope. ASHRAE [276] indicates that windows account for 6 to 
22% of the overall air leakage of the building, with an average of 15% (no 
information on the overall airtightness is reported). Evidently, the largest 
deficiencies will typically be tackled first, so the relative impact of windows may 
rise for more airtight buildings. As a first approach, Iwindow should perhaps be 
limited to 10% of the permissible air leakage for a given airtightness target. 
Given the fact that windows account for 15% of the overall air leakage in 
standard construction, and taking into account that windows are typically 
prefabricated which allows better quality control compared to building 
components constructed on-site, it seems reasonable to reduce the share from 
15% to a lower value. Figure 7.8 shows the impact of windows on the overall 
airtightness of buildings. The solid line refers to the 3
rd
 quartile based on the 
geometry of the 200 dwellings, whereas the dashed lines refer to the median 
value, and the dotted line shows the 1
st
 quartile. The effect was evaluated 
assuming that the windows just meet performance levels 1, 2, 3 or 4 in the 
European standard, as indicated in table 7.4.  
 
 
Figure 7.8. Impact of windows on overall building airtightness 
 
First of all, the impact increases dramatically for very airtight buildings: the 
windows become a dominant factor in the overall airtightness. Even when the 
windows meet the requirements for class 1, the impact of the windows on the 
whole building leakage varies from 6% to 43% with a median value of 14% 
(depending on the geometry of the building) for a building with n50–value equal 
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to 1h
-1
. It was decided that the 75
th
-percentile is a relevant parameter: when the 
windows meet the corresponding performance level, the impact of the windows 
will be below this value for the majority of the buildings. The windows are only 
one part of the story, applying e.g. 90% would overshoot the purpose of these 
guidelines and set unrealistic limits. In the European context, energy regulations 
are getting stricter, and typical targets for airtightness vary between 0.5h
-1
 (just 
below passive house standard) and 3h
-1
. Assuming a maximum impact of 10% 
on the overall airtightness for 75% of the buildings, maximum air flow rates at 
50Pa are reported in table 7.5 for airtightness levels of 0.5, 1, 2 and 3h
-1
. Note 
that a limit of 5% and 15% corresponds to half and one and a half times the 10% 
flow rate respectively. 
  
Table 7.5. Airtightness limits for windows, based on impact and overall building 
airtightness. 
n50 0.5 h
-1
 1 h
-1
 2 h
-1
 3 h
-1
 
Impact 
vwindow 
m³/h.m² 
at 50Pa 
data  
% 
vwindow 
m³/h.m² 
at 50Pa 
data 
% 
vwindow 
m³/h.m² 
at 50Pa 
data 
% 
vwindow 
m³/h.m² 
at 50Pa 
data 
% 
5% 0.28 20.6 0.56 44.6 1.13 78.7 1.69 90.4 
10% 0.56 44.6 1.13 78.7 2.22 94.7 3.38 98.2 
15% 0.84 63.4 1.69 90.4 3.38 98.2 5.07 100 
 
Based on the performance levels in table 7.4, for 6 out of 10 guidelines the best 
class is too broad and not appropriate for buildings with an airtightness of 3h
-1
 or 
better. Furthermore, for every airtightness limit defined in table 7.5, the 
percentage of windows in the database that complies is also indicated. Even for 
the most airtight buildings, 44.6% of the window tested meet the 10% impact 
requirement. The results indicate that reducing the impact to 5% is realistic and 
feasible, which would yield an additional margin in respect to the other leakage 
pathways which are perhaps more susceptible to installation errors or flaws. 
However, consider that only laboratory tests were taken into consideration here, 
whereas on-site performance may differ significantly as indicated in the 
literature review. 
7.4.2 Watertightness 
Most test standards around the world to assess the watertightness performance of 
window frames all show a very similar approach [19]. Consequently, typical 
performance requirements for window frames in different countries can easily be 
compared because the assessment method for performance levels is nearly 
identical. For this reason, the documents that prescribe the necessary 
performance level in Australia/ New Zealand [20], United States [21], Canada 
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[22], Great Britain [23], France [24], Germany [25], Centre for Window and 
Cladding Technology [26] and Belgium [27] were compared. Some of these 
documents are mandatory standards, some are guidelines, whereas the CWCT 
and German documents are publications offered by building sector 
organizations. In all of these guideline documents the performance level based 
on the expected weathering conditions is defined by e.g. geographical location, 
surroundings, local shielding, and height. Because all these parameters also 
affect the peak wind pressure on the building, a correlation between the required 
pressure during watertightness testing and the peak wind pressure on a building 
is expected. Therefore, the prescribed test pressure difference is expressed here 
as function of peak wind pressure. A number of documents prescribe the 
required pressure difference for the watertightness test as a direct function of 
peak wind pressure on the building, for the other documents this relation is 
calculated based on the required performance levels in respect to the ultimate 
limit state for resistance to wind loads. Figure 7.9 shows the required 
watertightness levels as a function of the design wind loads for the above 
mentioned documents. Clearly there are a number of similarities: (i) all 
documents define a minimum performance level irrespective of wind loads, (ii) 
most documents also define a maximum performance level, (iii) all codes show 
an increase in required performance level as a function of wind load. However, 
although the design wind pressure renders a normalized value irrespective of the 
specific situation for every country, there are major discrepancies between the 
different codes in respect to required watertightness levels.  
 
Figure 7.9. Required test pressures for watertightness tests on window frames as a 
function of design wind pressure. 
 
To evaluate the performance of the windows tested in the laboratory in respect to 
on-site conditions, the CWCT guidelines were simplified as follows: the test 
pressure for watertightness is set to 25% of the design wind pressure, with a 
minimum performance of 300Pa, and an upper limit of 1200Pa. Due to the large 
discrepancies between the different guidelines, the CWCT were used because 
these are widely spread and used in practice. Based on the calculation algorithms 
provided in EN 1991-1-4:2005 [43] (the European standard on wind loads), the 
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peak wind pressure can be calculated as a function of height, surroundings and a 
reference wind speed set to 27m/s (typical for Belgium). Default values were 
used for calculation parameters: exterior and interior pressure coefficients were 
set to 1.0 and -0.3 respectively, a return period of 50 years was used, and 
orography, seasonal and directional coefficients and turbulence factor were set to 
1.0. Figure 7.10 shows the required watertightness levels as a function of 
building height and terrain category (Cat. 0: coastal area, Cat. I: no obstacles, 
Cat. II: low obstacles, Cat. III: village, Cat. IV: city) calculated with the 
conversion as indicated in figure 7.9. Furthermore, the box plot in figure 7.10 
shows how the different types of windows perform in respect to watertightness. 
Under the assumptions listed above, 75% of all single windows and about 50% 
of the double windows can be installed in a coastal region (Cat. 0) up to 200m 
high. Contrarily, only a minority of the sliding windows could be installed in e.g. 
an exposed building (Cat. I) of 25m height. In villages and cities (Cat. III and 
IV) for buildings up to 50m most windows meet the requirements, but for 50% 
of the sliding windows this type of exposure is too high. 
 
 
Figure 7.10. Required watertightness as a function of building height and terrain 
roughness for a reference wind speed of 27m/s. The box plot shows the measured 
watertightness for varying window types. 
7.5 Conclusions  
Airtightness is an important parameter to achieve energy efficient buildings, but 
the impact of air leakage through window frames on the overall building 
airtightness is unclear. Literature on window performance is typically published 
25-35 years ago, and only offers results based on joint length. This chapter 
provides an overview on the results of 437 windows tested in laboratory 
conditions in Belgium between 1997 and 2012. Aluminum and wooden windows 
show similar performance, based on surface area averaged values, vinyl 
windows perform slightly less. Single, turn-and-tilt windows, are clearly more 
airtight than double windows and composed windows, whereas sliding windows 
are almost 2.5 times less airtight than single windows whereas 75% of all 
windows have an air leakage rate below 1.05m³/h.m². 
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Similar to the airtightness, vinyl windows yield slightly lower results in respect 
to watertightness. In general, 25% of all the windows fail below 300Pa, the 
median value is 600Pa, and 25% fails at pressures above 750Pa. Sliding 
windows and composed windows fail at a lower pressure differences than single 
and double windows. 
 
There is a clear trend that watertight windows are also airtight. Based on the 75
th
 
percentile, a watertightness level of 300Pa requires an air flow rate below 
3m³/h.m, 600Pa requires an air flow rate below 2m³/h.m, and performance levels 
above 900Pa require an air flow rate of maximum 1m³/h.m. There is no strong 
correlation for deflection and airtightness, but based on the test results the 
deflection should be restricted to 4mm and 2mm to achieve watertightness levels 
above 300 and 600Pa respectively.  
 
Current guidelines and standard classifications on the airtightness of windows 
are typically too broad and not appropriate for buildings with an airtightness of 
3h
-1
 or better. Based on a set of 200 buildings, new performance levels were 
calculated to limit the impact of air leakage through windows on the overall 
airtightness of the building. The results of the laboratory tests indicate that 
reducing the impact to 5% is realistic and feasible, even for very airtight 
buildings such as passive houses. 
 
Watertightness performance requirements for window frames in different 
countries were compared, and these show major discrepancies amongst the 
different standards: for identical wind load conditions completely different 
watertightness pressures are required by local codes or guidelines. When 
applying a common denominator to watertightness performance requirements, 
75% of all single windows and 50% of the double windows evaluated in this 
study can be installed in a coastal region up to 200m high, whereas few sliding 
windows are acceptable for a 25m building in open terrain.  
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In this chapter the watertightness of window-wall interfaces is investigated by 
means of three case-studies: sealant tapes, full-scale window-wall interfaces, and 
flashing membranes. Sealant tapes are used as a perfect barrier system as well as 
rain screen in a double-stage configuration. The watertightness of 4 types of 
sealant tapes is evaluated by means of static, cyclic and Pareto test sequences. 
Subsequently, the watertightness of the traditional window installation method in 
Belgium is tested according to the same test protocols. Several parameters are 
varied to evaluate the impact on the watertightness: the integrity of the sealant tape, 
the sill installation method, the airtightness of the interface, and the presence of 
SPF in the cavity between window and outer wall. Thirdly, the aptitude of flashing 
membranes as perfect barrier system is assessed. Finally, the application of 
different test methods for different types of watertightness concepts also allows an 
evaluation of the test method itself. 
“Should silicon sealant be allowed to be the 
primary means of weathersealing systems?” 
New Zealand Parliament 
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8.1 Sealant tapes 
Sealant tapes are used in single-barrier systems as well as double-stage or rain 
screen systems. An example for the first kind is the application of sealant tapes in 
the joints of precast concrete panels without drainage system. Either the tapes are 
installed as such, exposed to the outdoor environment, or with an additional 
viscous sealant on the exterior side (and the sealant tape is used as backer rod). On 
the other hand, sealant tapes are often used in window-wall interfaces, and 
primarily provide a rain screen effect to the joint between the window and the outer 
leaf of the façade. In a pressure moderated system the pressure gradient over the 
sealant tape will be small, whereas in single-barrier systems the tape will be 
subjected to the full pressure difference. When water is sprayed on the specimen a 
limited amount of water may be stored, but it is expected that the sealant tape will 
primarily function as a perfect barrier system. Consequently, sealant tapes are an 
interesting case-study for perfect barrier systems to assess the impact and aptitude 
of existing watertightness test protocols, as compared to a Pareto test protocol 
derived from the methodology presented in chapter 3. 
  
Figure 8.1. Precompressed sealant tape           Figure 8.2. Installation on window frame 
8.1.1 Experimental setup 
Based on a survey amongst contractors at the Belgian Building Certification 
Association, 4 typical sealant tapes from different brands that are widely used were 
selected. An overview of the tapes is shown in table 8.1. All materials were 
installed in line with all specifications issued by the respective manufacturers. To 
evaluate the watertightness and tolerance in respect to joint width, sealant tapes 
were tested for three degrees of compression. A sealing tape with nominal width of 
10mm (i.e. fully expanded) was installed in joints of 3mm, 5mm and 8mm, which 
relates to compressions of 70%, 50% and 20% respectively. Consider that only the 
3mm joint entailed sufficient compression according to the product guidelines. 
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Similarly, a 20mm sealing tape of products A and B was installed in joints of 
10mm, 12mm and 15mm, corresponding to 50%, 40% and 25% respectively. For 
products A, C and D, performance is only guaranteed up to 10mm, whereas 
product B can be applied in joints up to 18mm wide. The products are subjected to 
static and dynamic test sequences, and the conditions under which failure was 
evident were recorded. 
Table 8.1 Open cel precompressed impregnated foam sealing tapes 
A Sealing foam with acryl 
B Polyurethane soft foam impregnated with a synthetic resin 
C Polyurethane soft foam with synthetic coating and aluminium-oxide 
D Open-cel polyurethane soft foam impregnated with acrylic polymers 
 
The sealing tapes were installed between tubular aluminum profiles. In every test 6 
identical strips of sealant were tested, each 76cm of length. In a number of 
occasions water infiltration was evident at the bottom of the setup, due to 
hydrostatic pressure on the exterior side. These effects were disregarded in the 
evaluation and analysis. Figure 8.3 shows a schematic and picture of the 
experimental setup.  
 
Figure 8.3. (a) Schematic and (b) picture of the experimental setup and the test rig 
8.1.2 Test protocol 
There are no standards that address the watertightness of joints in general, or 
specifically the watertightness of sealant tapes. Consequently, the static test 
protocol applied in this case was derived from the EN 1026 standard to evaluate 
the watertightness of window frames. On the exterior side a constant water spray 
rate of 2L/min.m² was introduced, and the pressure difference was applied by 
means of a frequency controlled fan system.  
(a) (b) 
aluminum 
 
Sealant tape 
Spacer 
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In the static test protocol water was sprayed for 15 minutes without pressure 
difference. Then, the pressure was stepwise increased every 5 minutes and 
subsequent pressures were applied: 50, 100, 150, 200, 300, 400, 500, 600 and 
700Pa. 
The dynamic test protocol was derived from the methodology presented in chapter 
3. This protocol consists of three distinct phases: the first was representative of 
high rainfall intensity and low wind pressure, the second phase combined moderate 
rain and wind, whereas low spray rates and high wind pressures defined the third 
phase. Within each phase, three averaging periods were considered: 10 minutes, 2 
minutes and 3 seconds. A schematic of the test sequence is shown in figure 8.4. 
Consider that 40 gusts were applied to simulate the behaviour under dynamic 
pressure fluctuations. The test rig comprised only one fan, and the controls did not 
allow to fluctuate the pressure accurately between two predefined pressure levels. 
Therefore, during the dynamic pressure fluctuation the pressure decreased to zero 
Pa in between positive gust loads being applied. The test protocol was designed for 
a building 30m high located in a coastal area with a reference wind speed of 27m/s 
and a return period of 10 years. The complete sequence of the dynamic test 
protocol was designed to be representative for one condition, and accordingly 
defines a pass/fail criterion. Contrarily, the static test sequence renders it possible 
to grade the specimen, because a stepwise approach is adopted. In absence of 
specific performance levels for sealant tapes, the Belgian standard NBN B25-002-1 
is applied, that specifies performance requirements for window frames as a 
function of building height and surrounding. For the reference building used to 
define dynamic test criteria, the standard indicates that windows must be watertight 
up to 600Pa. Consequently, by testing the products according to both the static and 
dynamic conditions allows determining the aptitude of the static test to predict the 
actual performance and risk for water ingress.  
  
Figure 8.4. Schematic of the dynamic test protocol based on Pareto front analysis. 
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8.1.3 Results 
The results for the 5mm joint are reported in figures 8.5 and 8.6. Figure 8.5 shows 
at what point and pressure difference water ingress was recorded during the static 
test protocol. Similarly, figure 8.6 shows failure during the dynamic test protocol. 
Product A does not fail under static pressure conditions, 2 samples of product B 
fail at 700Pa, and all samples of products C and D fail between 400 and 600Pa. 
During the dynamic test protocol, 1 sample of product A fails during the 3s gusts 
in the moderate zone, whereas failure of products B, C and D occurred in the 10-
minute and 2-minute averaged boundary conditions. In absence of specific 
guidelines, the required performance level for windows can be applied to the 
sealant tapes as well. 12 out of 24 samples are not watertight up to 600Pa under 
static conditions. On the other hand, dynamic test conditions led to failure for 18 
out of 24 samples. For the specific case-study considered here, the combination of 
the existing static test method and the required performance level does not provide 
a satisfactory evaluation method and criterion to guarantee a reliable application as 
face-sealed product in practice.  
 
Figure 8.5. Static test protocol in accordance with EN 1026, failure for the 5mm sealant 
tapes is indicated. 
spray rate 
 
pressure 
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Figure 8.6. Dynamic test protocol for a case-study, derived from the Pareto-front 
methodology presented in chapter 3. Failure for the 5mm sealant tapes is indicated. 
The results of the other joint widths provided similar results. For the sealant tapes 
with the highest compression (3mm and 10mm), not a single tape failed below 
700Pa. A summary of all the results for the Pareto test procedure is provided in 
table 8.2. The table is based on the different elements of the test sequence, i.e. the 
time-averaging period on one side, and the specific combination of wind and rain. 
For the joint width (and corresponding compression), the number of failures is 
reported. Only the boundary conditions at the moment of failure are indicated, 
whether or not infiltration might have stopped or aggravated during the remaining 
part of the test sequence was not recorded.  
For the 10mm sealant tapes 4 products with 6 samples were evaluated for 3 
degrees of compression. Table 8.2 shows that 36 out of 72 samples failed at one 
point during the dynamic test sequence, whereas only 22 failed at a pressure below 
700Pa during the static test protocol. Furthermore, during the static test sequence 
none failed below 400Pa, whereas 27 samples failed below 400Pa during the 
dynamic test sequence.  
The 20mm sealant tape was only evaluated for products A and B, and out of 36 
samples only 1 failed below 700Pa. Table 8.2 shows that 18 samples failed during 
the dynamic test sequence. These results indicate that the static test sequence is not 
fit to evaluate the actual performance of these products, and underestimates the 
number of failures. Consider that the results for the 10mm and 20mm sealant tapes 
in table 8.2 cannot be compared directly, because products A and B perform much 
better then products C and D. 
 
 
spray rate 
 
pressure 
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Table 8.2. Number of sealant tape failure for different degrees of compression 
 
10mm sealant 
3mm/5mm/8mm 
20mm sealant 
10mm/12mm/15mm 
 
10min 2min 3sec 10min 2min 3sec 
High WDR 0/1/0 0/0/7 0/0/2 0/0/0 0/0/0 1/0/0 
Medium WDR-
DRWP 
0/7/3 1/0/4 0/1/1 0/0/0 0/2/3 0/1/2 
High DRWP 0/6/0 0/3/0 0/0/0 0/0/0 0/0/1 5/3/0 
 
Furthermore, the number of failures increases as the degree of compression is 
reduced. When the 10mm sealant is installed in a 3mm joint, only one sample 
failed during testing in both static and dynamic testing. Most products fail during 
the 10-minute period, but these are typically accompanied by a large pressure step 
in the test sequence. Based on all joint widths, the 10mm sealant of product A 
failed only once (dynamic), whereas 11 failures (2 static, 9 dynamic) were 
recorded for the 20mm sealant. For product B the 10mm sealant failed 15 times (5 
static, 10 dynamic), the 20mm sealant failed 12 times (3 static, 9 dynamic). 
Products A and B show opposite trends in respect to joint width: similar 
compression yields different performance depending on the selected product. 
Product A performs significantly better for a small joint, product B performs 
slightly worse for narrow joints. For the 20mm joint more failure was evident in 
the dynamic part of the test sequence. 
Finally, the Pareto test sequence is representative of various wind and rain 
combinations, and designed as a single evaluation test. The results show that 
failure occurred throughout the whole test sequence, for every wind-rain 
combination, and for every time-averaging period. The sealant tapes were expected 
to function as a perfect barrier system, and one can reasonably assume that 
pressure difference is the dominant parameter that defines the performance level 
for these systems. However, even for the conditions with high WDR intensity the 
2-minute averaged value introduces failure, even though the increase in pressure is 
negligible in that stage of the test sequence. Furthermore, given the fact that many 
more failures were recorded during the dynamic test sequence (at lower pressures 
compared to those in static conditions), the gust effect and the variation in spray 
rate have a significant effect on the watertightness performance of the sealant 
tapes. From this, it can also be concluded that the Pareto test sequence probably 
does not comprise redundant elements.  
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8.2 Window-wall interfaces 
8.2.1 Literature 
Based on a review of 50 buildings in Alberta, 57 out of 105 rainwater penetrations 
were situated around windows and doors [287]. RDH [236, 279] found 15 failing 
window-wall interfaces in 127 field tests in British Columbia. For the same area, a 
different report on 37 buildings which experienced envelope failures showed that 
at least 25% of all problems were related to the windows or the window-wall 
interface [288]. Similar conclusions were drawn in Florida [8]. For Europe, no data 
were found. 
Nelson and Norris [289] evaluated the watertightness of window-wall interfaces, 
for storefront windows installed in stucco walls (storefront windows: US 
terminology for windows without flanges, i.e. similar to European practice). In 
total 6 installation methods were tested, all perfect barrier systems that relied on 
sealant to provide watertightness. In three samples subsill pan flashing was 
installed, but even there the overall setup basically relied on a perfect barrier 
system. Tests showed that all installations started leaking at pressure differences 
between 0 and 289Pa. The authors concluded that one solution was “successful” as 
only a limited amount of water infiltrated at 289Pa. Even though all configurations 
relied on continuous sealant to provide watertightness, the authors stress the 
importance of continuous sealant for improving the performance of window-wall 
interfaces. Interestingly, although all perfect barrier systems failed, the authors do 
not question the concept of perfect barrier systems, and only insist making it more 
perfect. Note that all references above concern timber frame construction; no 
information was found on window-wall interfaces in brick cavity walls. 
In New Zealand a new window installation method was advocated by the national 
window association [290]. Here a double-stage joint is applied at the window-wall 
interface, but drainage is poorly designed. The weather resistive barrier underneath 
the sill is not sloped, certain locations prone to wetting are not drained, and the 
design of the front seal is typical for perfect barrier systems. In 2003 it was even 
suggested in the New Zealand parliament to forbid the use of silicone sealant as 
primary means of weathersealing systems [291].  
Lacasse et al. [292] compared the performance of a face-sealed window 
installation with a rain screen joint. It was concluded that the most airtight plane 
should not coincide with the rain screen. The exterior side of the joint should not 
be airtight, to reduce the driving force for water to enter. Consider that the location 
of the drainage plane is not clear at the top and sides. Consequently water ingress 
was reported due to insufficient drainage design [293]. Salzano et al. [161] also 
found that drained systems perform better than perfect barrier installation methods 
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in a rain screen wall. Conversely, for a concrete masonry wall, designed as a 
perfect barrier system, the installation method with a single barrier performed 
better. For these test results the leakage paths were not described, the installation 
method in the concrete wall is not described in detail, and the sill flashing is level 
instead of being sloped. Why a single-joint performs poorly in one situation and 
reasonably well in a different situation is not explained.   
Note that the necessity to apply the rain screen principles to window-wall 
interfaces was already described explicitly and in great detail in 1957 by Birkeland 
[294], who ends his paper with the sentence “Tightness is not increased by 
caulking the joint”. Even though the use of drained joints is often advocated [295, 
296], it seems that currently it cannot be considered as common building practice 
in the US.   
8.2.2 Test protocol 
As indicated in section 8.1.2, there is no specific test standard to evaluate the 
watertightness of joints or interfaces. For windows, a static test sequence is 
provided in EN 1026. The European standard EN 12865:2001 describes a test 
protocol to determine the resistance of external wall systems to driving rain under 
pulsating air pressure. According to this standard, water is sprayed at two 
locations: 72l/h-m at the top as run-off, and 90L/h-m² on the whole area to simulate 
direct Wind driven rain. The pressure difference is applied in a step-wise approach 
to determine at which level water entry occurs. Furthermore, the standard offers 
two procedures: one for qualitative testing (A - steps of 10 minutes after 20 
minutes of initial wetting), and the other for quantitative testing (B - steps of 60 
minutes). Although there is no standard for window-wall interfaces, the interface is 
perhaps expected to perform well according to both test sequences (windows and 
walls). Consider that the EN 12865 only provides a test sequence, without 
information on the required performance levels as a function of exposure to 
climate conditions. Consequently, the samples will be tested according to the static 
test protocol up to 750Pa (EN 1027) and the cyclic test protocol up to 600Pa (EN 
12865). Finally, the test protocol described in section 8.1.2 and figure 8.4 based on 
the Pareto front analysis is also applied to a selection of specimens. Based on 
separate tests on brick walls with the same type of brick with high porosity, it was 
established that the exterior brick wall was saturated by a water spray rate of 
2.0L/min.m² after 30 minutes. Consequently, before every test sequence the wall 
was saturated. Finally, by using PMMA as window reveal on the interior side, 
abstraction is made from typical finishing products. Consequently, the criterion for 
failure was defined as the moment when water made contact with the PMMA. In 
reality wood or gypsum window reveals would perhaps be able to store a certain 
amount of water without failure. However, repeated exposure to wetting might 
result in premature deterioration due to e.g. mould growth, deformation or staining. 
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Figure 8.7. Dynamic test sequence according to EN 12865. 
 
To assess the effect of the airtightness of the window-wall interface on the risk for 
water ingress, the airtightness of every setup was also determined based on EN 
12114. 
8.2.3 Experimental setup 
A non-operable vinyl window frame (1.48m high by 1.23m wide) was installed in 
a brick cavity wall of 2.28m high and 1.96m wide. On the exterior side an 
aluminum sill was installed, and in the standard configuration a sealant tape was 
installed between the window and the exterior leaf of the wall (product B, cfr. 
Section 8.1). The brick cavity wall comprised an exterior leaf in glued bricks with 
open head joints. This recent construction method is gaining popularity, but the 
impact on watertightness is unclear and often questioned. The open head joints 
might lead to increased infiltration rates under severe weather conditions compared 
to traditional mortared masonry brick walls. The inner leaf is constructed with 
mortared hollow clay bricks, and is plastered on the interior side to provide an 
airtight layer. In between the inner and outer leaf two layers of 8cm rigid insulation 
(polyurethane foam) was installed, representative of well-insulated walls, e.g. for 
passive house buildings. The inner and outer leafs were connected by means of 
wall ties, and between the outer leaf and the insulation a cavity of 3cm wide 
permitted water that infiltrated through the rain screen to drain. Above the window 
and at the bottom of the wall cross-cavity flashing was installed to drain to the 
exterior. Due to the construction sequence, it was not possible to determine the 
airtightness of the exterior side accurately. Hence, the necessary input data for 
numerical simulations on the pressure equalization was not available, and no 
simulations were done for this case-study. 
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Figure 8.8. Schematic of test setup. 
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Figure 8.9: (a) interior view of the plastered brick cavity wall, (b) exterior side of the 
window and glued masonry façade, (c) generic window-wall interface with PMMA reveal, 
(d) connection of the setup with the test rig by means of a flexible duct. 
8.2.4 Test specimens 
In Belgium, windows are typically fastened by means of metal anchors to the 
interior brick wall [297]. The loads of the dead weight are transferred to the interior 
wall at the interior sill by means of more rigid anchors, whereas the metal anchors 
on the side transfer the loads originating from wind pressure, impact and window 
operation, as shown in figure 8.10. 
(a) 
(b) 
(c) (d) 
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Figure 8.10. Recommended installation method for windows [297]. 
 
The window is installed just behind the outer leaf, with an overlap of 3cm at the 
sides and top (figure 8.10). Two types of interior finishes are typically considered 
for the window reveal: either there is a wood casing as finish, or gypsum finish 
(applied on-site or gypsum board) is installed. The airtightness can be ensured e.g. 
by means of foils that are adhered to the window on one side, and the wall on the 
other side, or by means of spray-in-place polyurethane foam (SPF) installed 
between the window and the wall. Please refer to chapter 9 for more detailed 
information on the airtightness of window-wall interfaces. For these tests on 
watertightness, abstraction was made of the specific finish of the reveal and the 
way the airtightness of the interface was ensured. A generic setup was designed 
with a reveal in PMMA, which allowed to vary the airtightness over the range of 
performance levels found in practice (chapter 9) by means of orifice openings, and 
at the same time visual inspection during testing was possible. Consider that a 
range of orifice openings were distributed along the perimeter of the interface, 
which intended to simulate an evenly distributed air flow (contrary to a very 
concentrated air flow at e.g. one location). Figures 8.9 (c) and 8.16 (c) show the 
PMMA reveal. However, between the rigid cavity insulation and the window 
frame SPF was installed, in line with current practice to reduce the thermal bridge 
effect.  
The parameters that were varied to evaluate the risk on water ingress were: the 
level of airtightness, the sealant tape between the window and outer leaf, the 
condition of the exterior sill, and the effect of SPF that bridges the wall cavity. An 
1. exterior brick wall 
2. insulation 
3. interior brick wall 
4. additional insulation 
5. wall cavity 
6. backer rod 
7. sealant 
8. mounting bracket 
9. interior finish 
10. sealant 
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overview of the test specimens is provided in table 8.3. The sealant tape replaces 
the backer rod and sealant indicated in figure 8.10. The sealant tape was either 
installed properly (intact), missing, or cracks were introduced between the sealant 
tape and the window (torn). The standard (intact) installation of the sill was 
comprised of sealant between the sill and the outer brick leaf, end dams at the sill, 
and an additional foil underneath the exterior sill. Good airtightness indicates an air 
flow rate below 0.33m³/h.m at 50Pa, average refers to an air flow rate between 
0.33 and 3.3m³/h.m, and poor airtightness refers to an air leakage between 3.3 and 
33m³/h.m (please refer to chapter 9). 
 
Table 8.3. Description of window-wall interface configurations 
  Sealant tape Sill SPF Airtightness 
1 
a intact intact - good 
b intact intact - average 
c intact intact - poor 
2 
a intact sealant missing - average 
b intact no foil - average 
c intact no foil, no end dam - average 
3 
a torn no foil - average 
b torn no foil - poor 
4 
a absent no foil - good 
b absent no foil - average 
c absent no foil - poor 
5 
a absent no foil x average 
b absent no foil x poor 
 
Setup 1 
The window is installed in the traditional way, with sealant tape between the 
window and the glued masonry brick wall, and standard installation at the sill. 
Figure 8.11 shows the foil underneath the sill (adhered to the window frame), and 
figure 8.12 shows the standard and traditional installation of the sill, including end 
dams and sealant between the end dams and the outer leaf. The airtightness of the 
configuration was varied by adjusting the number of orifice openings. 
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Figure 8.11 Foil at sill                    8.12 Sealant between sill and outer leaf 
Setup 2 
The effect of correct sill installation was evaluated by introducing a number of 
deficiencies. Figure 8.13 shows setup 2a with missing sealant, whereas all the 
sealant and end dams were removed for configuration 2c (figure 8.14). All the tests 
were done with an average airtightness level. 
       
Figure 8.13 Missing sealant in corner             Figure 8.14 Missing end dams and sealant 
Setup 3 
In the third setup a number of deficiencies were introduced at the sealant tape: by 
means of a cutter knife three irregular cracks of about 5cm long and 1 to 2mm 
wide were applied. These deficiencies were installed to be representative of typical 
sealant failure, e.g. due to poor adhesion or UV degradation. Furthermore, no foil 
was installed underneath the sill. 
Setup 4 
For these tests the sealant tape between the window and the outer leaf was 
removed, and no foil was installed underneath the sill. 
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Setup 5 
Two tests were done on the effect of SPF that bridges the wall cavity; with an 
average and poor airtightness. Again no foil was present underneath the sill. Figure 
8.9 (c) shows an overview of the setup with SPF in the cavity.  
Moisture tolerance 
In window frames, the rain screen and air barrier are typically clearly defined by 
means of gaskets. The water barrier, the barrier where water may be drained 
without resulting in failure, is delimited by the drainage facilities in the window 
profile. In accordance to the EN1027, a window fails when water infiltrates into a 
zone that is not drained to the exterior. Figures 8.15 a-c show the cross-sections of 
a typical window-wall interface in a brick cavity wall. The window is fixed by 
means of mounting brackets, an airtight foil is installed on the interior side, and 
SPF is installed to reduce the thermal bridge effect. Similar to the window frame, 
the rain screen, air barrier and water barrier are indicated. For comparison, figure 
8.15 (d) shows the cross-section of a typical window-wall interface in wood-frame 
construction. In all sections the position of the rain screen and the air barrier is 
fairly straightforward. In section 8.15 (d) for the wood-frame construction one can 
reasonably assume that the water barrier coincides with the exterior sheeting 
applied to the studs. Given the fact that wood-frame construction is not very 
moisture-tolerant, the systems should be designed in such a way that water does 
not pass the exterior sheeting. Note that the three different functions, rain screen, 
air barrier and water barrier, are separated at every location. Consequently, most of 
the water is diverted at the rain screen, and the water that infiltrates onto the water 
barrier is not subjected to large pressure gradients, as these only apply to the air 
barrier. As a design principle, regardless of compatibility and durability issues, the 
section in figure 8.15 (d) reflects the optimal situation in respect to watertightness. 
In the cavity brick wall the concept of water barrier is less straightforward. Ideally, 
water should run down on the backside of the veneer wall, not touching the 
insulation (preserving the thermal performance). However, at joints between 
insulation panels water might infiltrate into the insulation or onto the interior brick 
wall. The brick wall may store significant amounts of water without inflicting 
permanent damage to the construction. The amount of water that can be buffered 
without causing failure will mainly depend on the absorption, redistribution and 
drying within the wall. Consider that this type of wall system is widely used, and 
interestingly not a single report on watertightness problems is known to the author. 
At the window-wall interface, the water barrier is also not clearly defined. Ideally, 
water should not infiltrate past the SPF and drain in the cavity below the window. 
Alternatively, when water penetrates past the SPF it makes contact with the air 
barrier. When the airtightness is not ensured by means of an airtight foil, the risk 
for failure the moment water infiltrates past the SPF might significantly increase, 
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given that the water can easily make direct contact with the interior finish. 
However, depending on the materials in the interface and surrounding components, 
water can be stored or redistributed to other locations. No information was found 
on the ability of wall systems or interfaces to buffer water without leading to 
failure. Furthermore, water that infiltrates past the SPF may run down due to 
gravity, but the presence of the SPF may entail tortuous pathways, which renders it 
impossible the determine where the water will end up. The most important possible 
consequences are reduced thermal performance, degradation of the airtight foil, 
degradation of the window frame, and degradation of the adhesive in between. 
Finally, the presence of water or high relative humidity might lead to degradation 
and premature failure of the interior finish. Concluding, when water infiltrates past 
the SPF, there is an increased risk for premature failure.  
 
 
Figure 8.15. Cross-sections of the window-wall interface in a brick cavity wall (a) at the 
top, (b) side, (c) bottom, and (d) the side of a window-wall interface in a wood frame wall. 
(a) (b) 
(c) (d) 
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8.2.5 Results 
Table 8.4 comprises the results of the watertightness tests, and the 95% interval of 
the measured pressure equalization percentage (PEP) during the dynamic test 
sequence is also reported. The pressure in the cavity was measured next to the 
window profile and the sealant tape. 
Table 8.4. Description of window-wall interface configurations 
  Static Dynamic Pareto PEP 
1 
a No No No 96-99% 
b No No No 90-99% 
c 200 Pa 0-150 Pa 62 Pa 72-91% 
2 
a No No / 90-98% 
b No No / 91-97% 
c No No / 91-99% 
3 
a No 0-300 Pa / 98-100% 
b No 0-300 Pa / 97-99% 
4 
a No No / 98-100% 
b No No / 93-98% 
c 50 Pa 0-150 Pa 88 Pa 84-94% 
5 
a 100 Pa 0-150 Pa / 97-99% 
b 0 Pa 0-150 Pa / 92-98% 
No: no infiltration was recorded, /: no test was conducted.  
Setup 1 
Setups 1a and 1b were watertight throughout all three test sequences. For the 
standard setup with poor airtightness, water infiltrated at the lower corner at 200Pa 
pressure difference, and at 300Pa water started infiltrating at one of the mounting 
brackets to fix the window to the interior wall. Under dynamic test conditions, 
infiltration was evident at the corners at 150Pa, at the bracket at 300Pa, and at 
450Pa and 600Pa the gusts caused significant air flow rates which entailed water 
droplets onto the interior reveal. Figures 8.16 shows the installation with the 
PMMA reveal and mounting brackets. In the Pareto test protocol, infiltration 
started in the corner during high WDR and low pressure (62Pa), infiltration was 
recorded at the other corner below at the start of the moderate WDR – moderate 
DRWP zone (198Pa). During the dynamic part of the high DRWP zone, high wind 
velocities caused water droplets to adopt sufficient kinetic energy to cross the 
cavity onto the PMMA reveal. Apparently, infiltration typically arose at the 
locations where openings may be present due to incomplete filling with SPF. The 
PEP showed a clear decrease when the air leakage rate increased. This indicates 
that even for a brick wall with open head joints, significant pressure differences 
can arise across the exterior joint. 
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Figure 8.16 (a) overview, (b) PMMA reveal with mounting brackets, (c) pressure tap 
Setup 2 
By changing the installation method of the sill for an average airtightness, it was 
evaluated whether small flaws or differences in installation would introduce 
additional risk to water ingress. Only the static and dynamic test protocols were 
applied, no water ingress was recorded. Similar pressure equalization was found 
compared to the setup 1b (with similar airtightness). 
Setup 3 
The standard installations with average airtightness (1b) did not fail, whereas the 
installation of deficiencies in the sealant tape (3a) caused failure at 300Pa in the 
dynamic test sequence. Water infiltrated at the lower right corner, but this effect 
did not aggravate when the setup was subjected to higher pressure differences. 
Surprisingly, increasing the air leakage rate did not affect the performance in 
respect to watertightness: infiltration was recorded for the same location at 300Pa 
(3b). The standard installation with poor airtightness (1c) failed at 200Pa static 
pressure difference, and at 150Pa during the dynamic test sequence. The 
configuration with average airtightness decreases in performance by installing 
deficiencies in the sealant tape, whereas the configuration with poor airtightness 
has improved. Note that the PEP in setup 3 was significantly higher than the PEP 
in setup 1. Given the fact that the window was installed all over again for setup 3, 
the SPF was installed again as well and might have formed a much more airtight 
screen. Even though the actual airtightness was guaranteed by means of the 
PMMA reveal, the SPF will have an effect on the PEP at the interface. However, 
this indicates that the configuration with good pressure equalization is still 
susceptible to water ingress; there is a larger pressure difference over the SPF, 
which drives water through any openings between the SPF and the window. When 
the layer of SPF becomes more airtight than the interior finish, the SPF will also 
experience the largest pressure gradients. Additional tests were done with pressure 
(a) (b) (c) 
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taps inside the PMMA reveal (figure 8.16 c), which confirmed that the airtightness 
of the SPF caused a significant pressure gradient over the SPF. Concluding, the 
ingress of water for setup 3 with torn sealant tapes can probably be attributed to an 
increased pressure gradient over the SPF, because it became the most airtight layer 
in the setup. 
Setup 4 
To preclude the effect of deficiencies in the sealant tape on the risk for water 
ingress, additional tests were done without sealant tape in the window-wall 
interface. In that configuration, there is probably a significant influx of water at the 
window-wall interface, larger than the effect of local deficiencies in the sealant 
tape. First of all, measurements show that the PEP is more in line with setup 1, and 
the SPF was apparently not as airtight compared to setup 3. The watertightness 
tests for the good and average airtightness confirm the tests from setup 1 when a 
sealant tape was present. For the configuration with poor airtightness, water entry 
was evident for a static pressure difference of 50Pa, and at 150Pa during the 
dynamic fluctuations. In the Pareto test protocol, infiltration was recorded in the 
gust sequence for high WDR (pressure fluctuation of 88Pa). Compared to the test 
with sealant tape, water ingress occurs at a lower pressure difference under static 
conditions, and at a higher pressure difference in the Pareto test protocol. 
Nevertheless, it can be concluded that the absence of the sealant tape is of little 
importance in this setup with glued bricks, except for very leaky configurations. In 
those conditions high air flow rates entail water droplets to the interior, and the 
absence of the tape might facilitate the ingress due to an unobstructed pathway. 
Setup 5 
In the fifth setup the SPF was installed in the joint between the window and the 
rigid insulation, similar to the previous setups. However, contrary to those setups 
the SPF now bridges the cavity between the rigid insulation and the outer leaf. For 
this, setup 4 was used as a basis and SPF was added at the interface. The results on 
pressure equalization indicate that the airtightness of the foam has not changed 
significantly compared to setup 4. In the setup with average airtightness, a few 
drops infiltrated without pressure difference at the lower right corner, but at 100Pa 
water was running down on the sides of the window frame, and was directed 
inwards due to surface tension along the bottom side of the mounting brackets. At 
250Pa a significant amount of water started infiltrating at a different mounting 
bracket. Under dynamic conditions, again a few drops were recorded without 
pressure difference, and water started infiltrating at the mounting bracket at 450Pa. 
The configuration with poor airtightness failed at 50Pa static pressure difference. 
At 0Pa water droplets were running along the side of the window, but no 
infiltration was evident. Consider that at 50Pa water droplets were projected up to 
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the PMMA reveal due to kinetic energy. The way of failure differs from the 
configuration with average airtightness. Due to the lack of airtightness, the test 
sequence was stopped at 150Pa because the fan system was not able to generate a 
sufficient air flow rate to induce higher pressures. Similar results were found in the 
dynamic sequence: water on the side of the window without pressure difference, 
ingress at 150Pa. 
8.2.6 Conclusions 
The watertightness of a range of different window installation methods was 
evaluated by means of three test protocols: static (EN 1027), cyclic (EN 12865) 
and the Pareto test protocol. An experimental setup was built, consisting of a cavity 
brick wall (exterior leaf with open head joints), in which a vinyl window frame 
was installed with mounting brackets. The window frame was, in accordance with 
traditional installation, situated in line with the insulation of the wall, and the gap 
between the window and rigid insulation in the wall was filled with SPF to reduce 
the thermal bridge effect at the interface. A PMMA reveal was installed, which 
allowed visual inspection during testing. Furthermore, orifice openings in the 
PMMA allowed to vary the airtightness of the interface, to simulate typical air flow 
rates found in practice. Pressure equalization was measured by means of pressure 
taps in the wall cavity and window reveal. The overall configuration of the 
window-wall interface in brick cavity walls does not comply completely with the 
general concept of rain screen walls; the water barrier or drainage plane is not 
clearly defined at the interface. Given the fact that brick walls may store significant 
amounts of water, the risk for premature deterioration depends on the amount of 
water ingress, the moisture tolerance of the materials at the interface, the ability to 
redistribute and the drying capacity. 
The airtightness of the window-wall interface has a significant impact on the risk 
on water ingress at that interface. For poor airtightness levels (i.e. an air flow rate 
above 3.3m³/h.m at 50Pa), pressure gradients cause significant air flow rates, 
which entail water droplets onto the interior finish. For installations with an air loss 
below 3.3m³/h.m this effect was absent. It can be concluded that airtight solutions 
are not only necessary to reduce air loss (comfort, energy loss) and moisture 
transport (interstitial condensation), but the airtightness also provides a much safer 
and robust solution in respect to watertightness. 
For window installations in brick cavity walls, it is typically advised to seal the 
joints between the sill and the outer leaf, and to install an additional foil underneath 
the sill to reduce the risk for water ingress at that location. Several aspects of the 
installation were modified, but even without sealant, end dams, and foil underneath 
the sill, the sill installation method did not affect the results of the watertightness 
tests. 
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When a pressure difference is imposed onto a construction, the largest pressure 
gradient will be transferred to the most airtight layer of the construction. The 
airtightness is typically ensured by a solution that connects the plaster on the 
interior of the wall and the window frame, situated on the interior side of the wall. 
Consequently, it is expected that pressure gradients in the window-wall interface 
will typically act over that zone. However, measurements show that the application 
of SPF between the window and the rigid insulation in the wall might install a 
more airtight barrier than the ‘intended’ airtightness layer. For window-wall 
interfaces with an average or poor airtightness (i.e. an air flow rate above 
0.33m³/h.m at 50Pa), a substantial pressure gradient was present over the SPF. The 
SPF does not provide a perfect barrier system, the SPF is exposed to water that 
infiltrated through the exterior brick leaf, and pressure gradients act on the SPF. 
Concluding, all ingredients are present to cause water infiltration. Whether or not 
this introduces a problem depends on the location of water penetrating through the 
deficiencies, on whether the water directly makes contact with the interior finish, 
and on whether the construction is able to drain or store the water without inducing 
failure. Failure was most evident during the dynamic test sequences. Furthermore, 
openings in the SPF are often located at the mounting brackets due to the complex 
geometry and incomplete filling of the voids around the bracket with SPF. Visual 
observations indicate that water is easily transported along the bottom side of the 
mounting brackets due to surface tension. These combined effects introduce an 
increased risk for water ingress at the mounting brackets. The transport along the 
mounting brackets might be reduced by interrupting the surface tension by means 
of a local chamfer or protuberance in the bracket. 
Tests were done on the effect of careless installation of SPF, resulting in excessive 
SPF that bridges the wall cavity. During testing large amounts of water were 
running down the back side of the outer leaf. When SPF bridges the cavity and 
makes direct contact with the outer wall, the irregular shape of the SPF might 
provide a pathway for the water to infiltrate due to gravity and surface tension. 
This risk was evaluated for configurations with an average and poor airtightness. In 
the installation with average airtightness water started infiltrating at 100Pa static 
pressure difference, and 150Pa dynamic pressure difference. The installation with 
poor airtightness (the window was removed and re-installed) even led to 
infiltration at 0Pa pressure difference; water transport was only caused by gravity 
and surface tension. It can be concluded that bridging the wall cavity with SPF 
should be avoided at all times: as the edge of the SPF provides a pathway for water 
entry. The most straightforward solution to prevent the SPF from making contact 
with the outer leaf is installing some sort of spacer, such as a sealant tape on the 
side of the window frame, or a folded strip of a stiff damp proof course in front of 
the gap between window and wall insulation.  
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Finally, the three test methods do not lead to identical performance assessments. In 
total, there were six configurations where water infiltrated during one of the test 
sequences. First of all, whenever infiltration was recorded in static tests, infiltration 
was also evident during dynamic testing and the Pareto test (when conducted). The 
static test sequence adopts smaller pressure increases in the successive steps than 
the dynamic test sequence, which allows a more accurate determination of the 
performance level. In one out of six failing installations, infiltration occurred at 
lower pressure differences during dynamic conditions compared to static 
conditions. For two out of six installations, failure was only recorded during 
dynamic testing (no Pareto tests were conducted). This indicates that the static test 
conditions are perhaps not appropriate to assess the actual performance of the 
window-wall interface when subjected to realistic boundary conditions. The Pareto 
test procedure confirmed the results from the cyclic test sequence, but infiltration 
was evident at lower pressures. However, a cyclic procedure with smaller pressure 
steps in the consecutive pressure increases would perhaps also result in failure at 
similar pressures. The effect of the WDR intensity on the risk for water ingress was 
not evident.  
The traditional configuration for window installation, with good or average 
airtightness and an intact sealant tape was tested up to 750Pa static pressure 
difference without water ingress. The performance requirements for window 
frames (chapter 6), indicate that a window at 200m height in coastal conditions 
requires a watertightness of 725Pa. Assuming that the same requirements would 
apply to window-wall interfaces, the traditional installation method can be used in 
all types of surrounding in buildings up to 200m high.  
8.3 Flashing membranes 
8.3.1 Introduction 
In Belgium, window-wall interfaces in rain screen walls are typically designed as 
described in section 8.2. The national guideline on window installation does not 
refer to installations with membranes as water barrier, but for exterior insulation 
finishing systems (EIFS) there is a different guideline that mandates the use of 
flashing at the window-wall interface for commercial buildings higher than 10m 
and residential buildings higher then 18m [298], see figure 8.17 (a). The guideline 
explicitly states that this installation with flashing membranes is the most efficient 
in respect to watertightness, because it provides a perfect seal between the window 
and the wall. Consequently, it could be perceived as a perfect barrier system. The 
section in figure 8.17 (a) also comprises a sealant on the exterior side, which leads 
to the conclusion that the overall systems basically functions as a two-stage joint 
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without drainage. The use of flashing membranes is also gaining popularity in 
window-wall interfaces in traditional brick cavity walls, please refer to figure 8.17 
(b). Assuming that the installation with flashing membranes entails the lowest risk 
for water ingress, it is often applied in configurations which are prone to severe 
weathering conditions (e.g. tall building, high exposure) or in wall systems that 
may permit significant amounts of rain water penetration in the cavity (e.g. open 
joint systems, masonry with open head joints). In the case of flashing membranes 
installed around the window in a brick cavity wall, the brick and sealant or sealant 
tape on the exterior function as rain screen, and the flashing membrane is the water 
barrier. In most cases the interior wall is not airtight in itself (mortared or glued 
masonry), and relies on the plaster to ensure adequate airtightness. Consequently, 
the flashing membrane on the exterior side cannot provide an appropriate solution 
in respect to airtightness, as it does not connect the window to the plaster on the 
interior side. Subsequently, an additional airtightness layer is required at the 
interior side. Contrarily, in a solid concrete wall the flashing membrane applied to 
the exterior of the wall is in fact able to provide an airtight solution. When a 
pressure difference is then applied to the window-wall interface, the largest 
pressure gradient will act over the most airtight layer. When the flashing 
membrane functions as air barrier as well, there is perhaps an increased risk for 
water ingress. 
  
Figure 8.17. (a) Schematic of window installation in EIFS with flashing membranes. 1: 
flashing membrane, 2: adhesive, 3:insulation, 4: corner reinforcement, 5: end profile, 6: 
base and finish rendering, 7: exterior sill, 8: backer rod, 9: sealant, 10: window frame, 
11: sash, 12: interior finish, 13: interior sill [298]. (b) application of flashing membrane 
in traditional window-wall interface. 
(a) (b) 
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The question then rises: can the configuration with flashing membranes be 
considered as a perfect barrier system? For example, when a window is installed in 
a wall system with an open joint system on the exterior, and a solid concrete wall 
on the interior, the watertightness of the interface might primarily depend on the 
ability of the configuration to function as a perfect barrier system.  
8.3.2 Laboratory evaluation 
The watertightness of flashing membranes as perfect barrier system was evaluated 
in laboratory conditions. In figures 8.18 and 8.19 (a) is respectively shown a 
schematic and picture of the experimental setup respectively. Abstraction was 
made of the actual configuration by replacing the window and the wall by yellow 
pine wood. The setup allowed changing the position of the window in respect to 
the wall. It was assumed that the window was situated either just behind the veneer 
wall (similar to the configurations in section 8.2), or in line with the gypsum finish 
of the interior wall. These two configurations result in different types of solutions 
for the corners; often referred to as exterior and interior corners. In Belgium, 
EPDM is typically used as flashing membrane, and is fixed mechanically or by 
means of adhesive to the window and wall. Given that the exterior side of the 
window in neither configuration is not in line with the plane on which the EPDM is 
installed, the installation is rather complex at the corners. In practice, the EPDM 
strips are joined at the corner by either a prefabricated corner piece, figure 8.19 (b), 
or by cutting, folding and gluing at the corners, figure 8.19 (c). One can reasonably 
assume that the installation without prefabricated corners is more susceptible to 
failure, because it relies to a larger extent on accuracy during installation. Both 
types of installation methods were evaluated. Table 8.5 shows an overview of the 
test samples. 
Table 8.5. Overview of samples subjected to watertightness testing 
No. Position of the window Corner type Corner solution # samples 
1 behind façade exterior folded 2 
2 behind façade exterior prefabricated 2 
3 in line with inner wall interior folded 2 
4 in line with inner wall interior prefabricated 6 
 
Different infiltration pathways are possible: the interface between EPDM and wall, 
the interface between EPDM and window, the EPDM itself, and the connection of 
the different EPDM strips at the corners. The main purpose of these tests was to 
evaluate the watertightness of the corners. The EPDM itself is assumed to be 
watertight, and the watertightness of the interfaces depends on e.g. the adhesion, 
compatibility, shear and peel strength. Extensive testing was done on the 
mechanical properties, durability and artificial ageing of different adhesives on a 
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range of substrates, but that study does not fall within the scope of this thesis. 
However, based on these tests it was decided to use a specific combination of 
EPDM, pressure sensitive adhesive and a substrate, for which the failure 
mechanism was determined by the cohesive strength of the adhesive. 
Consequently, the performance assessment only focused on the watertightness of 
the corners. Figure 8.19 (b) shows the installation of prefabricated corners: first the 
strip at the sill is installed, followed by the strips at the side, the corner piece, and 
then the EPDM strip at the top. This sequence according to the principle of 
overlapping tiles prolongs any pathway for water ingress that may be present. At 
the corner, the EPDM needs to be adhered to a different slab of EPDM by means 
of a contact adhesive. However, this adhesive bonds instantaneously and does not 
allow for adjusting the position of the EPDM, which hampers the tolerance and 
feasibility during installation. All samples were manufactured in collaboration with 
and under supervision of a building professional which gives practical training to 
contractors on the use of EPDM in window-wall interfaces. All samples were 
tested according to the EN 1026 test protocol (please refer to figure 8.5).      
 
Figure 8.18. Schematic of test setup 
plywood 
Yellow pine 
Yellow pine 
wall 
window
s 
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Figure 8.19. (a) overview of the watertightness test setup, (b) detail of membrane 
installation with prefabricated corner element, (c) installation without prefabricated 
corners: overlap of EPDM slab. 
 
In total, 12 samples were tested. Ten samples showed water ingress at 50Pa, two 
started leaking at 100Pa. Sections 8.1 and 8.2 on sealant tapes and window-wall 
interfaces respectively, reported watertightness levels which were significantly 
higher than these results. For one sample (interior corner, prefabricated) the seam 
between the EPDM strips was then sealed with the pressure sensitive adhesive that 
was used to fix the EPDM to the window and the wall. Consider that the durability 
of this sealant between the EPDM strips is highly uncertain; EPDM product 
specifications typically do not allow the use of pressure sensitive adhesives in 
between EPDM slabs. After a curing period of a week, the second watertightness 
test on the sample resulted in water ingress at 200Pa pressure difference.  
8.3.3 Conclusions 
The use of flashing membranes is often advocated for interfaces which are prone to 
severe weathering conditions, and it is unclear to what extent this type of 
installation can be considered as perfect barrier system. This was evaluated in 
laboratory conditions for 4 types of configurations, with interior and exterior 
corners, with and without prefabricated corner pieces. Out of 12 samples, 10 failed 
at 50Pa, 2 failed at 100Pa. No differentiation in performance could be made in 
respect to the different configurations. When the installation with flashing 
membranes is considered as perfect barrier system, the performance is very poor. 
In one test the seams were finished with sealant, and water only started infiltrating 
at 200Pa. In chapter 7 the performance requirements for window frames were 
discussed, and based on the comparison of different standards, 300Pa was selected 
as a minimal performance level. Even though lower performance levels are 
acceptable in a number of countries for buildings subjected to small pressure 
differences, a watertightness performance level of 150Pa is unacceptable for the 
(a) (b) (c) 
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majority of the buildings. Similarly, it can be concluded that the performance level 
of the flashing membrane installed as perfect barrier system is inadequate for most 
buildings. 
Flashing membranes might perform well in configurations where a rain screen 
diverts most of the rain water, and when there is a more airtight layer on the inner 
side which attracts the largest pressure gradient. Based on the laboratory 
investigation reported here, the corners are susceptible to water ingress at low 
pressure differences. Consequently, it is advisable to ensure the airtightness at the 
interior side to reduce the pressure gradient over the flashing membrane.   
8.4  Conclusions 
Three case-studies related to the watertightness of window-wall interfaces were 
reported: sealant tapes, traditional window-wall interface configuration in a cavity 
brick wall, and flashing membranes. The first and the last case-study are primarily 
situated on the material level, and are evaluated in a perfect barrier system 
configuration. The traditional window-wall interface is supposed to function as a 
double-barrier system, and was evaluated in a realistic full-scale configuration. 
All sealant tapes were watertight up to 600Pa when the compression is 70%. For a 
compression between 50% and 20%, failure can start at 400Pa, but some products 
were still watertight up to 700Pa. For a compression between 70% and 20%, none 
of the products failed below 400Pa. 
Flashing membranes are often used in situations where the interface is subjected to 
severe weathering conditions, because it is assumed to be a perfect barrier system. 
Laboratory tests showed that 10 out of 12 samples failed at 50Pa, 2 at 100Pa 
pressure difference. The application of sealant on one sample resulted in a slightly 
better performance: water ingress was recorded at 200Pa.  
The traditional window installation in a brick cavity wall showed good 
performance. No infiltration was recorded up to 750Pa static pressure difference 
(not tested at higher pressures), and no water ingress was recorded during the 
Pareto test sequence. Consider that the interface should have an air flow rate below 
3.3m³/h.m at 50Pa, otherwise water droplets are carried along with the air currents. 
Furthermore, the sill installation and the integrity (or presence) of a sealant tape did 
not have an effect on the watertightness. Contrarily, the presence of SPF in the 
cavity causes water ingress under conditions without pressure difference, as the 
SPF provides a pathway from the drainage plane of the wall to the interior side of 
the wall. When SPF is installed between the window and the insulation in the wall, 
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one has to make sure the SPF does not make contact with the exterior wall, to 
avoid the transfer of water to the interior. 
The static and Pareto test procedures yield significant differences for the sealant 
tapes. Pareto testing leads to failure at lower pressure differences compared to 
static testing, and based on a pass/fail criterion, fewer products would pass. The 
window wall interfaces also failed at lower pressures under cyclic and Pareto test 
conditions. Given that building components are subjected to both static and 
dynamic pressure differences, and given that several building components with 
different watertightness concepts fail at much lower pressures during dynamic 
pressure fluctuations, it is concluded that static test protocols alone are perhaps less 
appropriate to evaluate the watertightness of building components.  
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In recent decades there has been an increased focus on enhanced  thermal 
resistance of building components and as a consequence, the relative importance 
of airtightness on the overall energy losses of buildings has increased 
significantly. The construction industry requires practical information on the 
airtightness of individual construction elements and building envelope interfaces. 
A literature review on the airtightness of window-wall interfaces has shown that 
no experimental data are available for masonry construction. This chapter offers 
an investigative study on the airtightness of window-wall interfaces of masonry 
walls, for 13 different installation methods. The results show that the selected 
solutions cover a wide range of airtightness levels, from 0m³/h.m up to 31m³/h.m 
at 50 Pa. The experiments have permitted determining  that a very good 
performance can be obtained by using polyurethane foam and caulking, airtight 
membranes, polyurethane foam and plywood framing, and plaster and caulking. 
On the contrary, mineral fibre insulation, a partial fill with polyurethane foam 
and plaster without caulking should be avoided when good airtightness is 
required. Furthermore, a comprehensive methodology for error calculation is 
offered, based on error propagation of partially correlated parameters, including 
the effect of measurement errors, extraneous air leakage and conversion to 
standard boundary conditions. A summary of this chapter was published in 
Energy and Buildings. 
“Knowledge is of no value unless you put it into practice” 
Anton Chekhov 
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9.1 Introduction 
There is a general consensus that buildings should be well insulated in order to 
reduce energy losses through transmission and increasingly, attention is paid to 
ventilation systems as a mean of controlling ventilation related heat losses by 
integrating heat exchangers and demand control algorithms. However, contrary 
to additional insulation and the installation of ventilation systems, the 
requirement for ensuring airtightness is all too often disregarded in the 
construction industry today. Not only because the principles of airtightness may 
be more difficult to put into practice, but also because the effect is generally not 
taken into account in energy calculations unless a blower-door measurement has 
been completed. It is to be noted that blower-door measurements to determine 
airtightness are not standard practice in most countries with a moderate climate 
such as that found in Belgium. In order to stimulate the implementation of 
airtight construction practice, more research is needed on airtight solutions in 
particular for masonry cavity wall construction as this is the predominant method 
of building construction in North Western Europe.  
Throughout the last few decades an increasing number of countries are enforcing 
energy codes and existing codes are getting stricter in respect to energy usage in 
homes. In addition, there has been a general increase in the price of energy [299]. 
An analysis of residential energy use between 1973 and 1999 and the relation 
between energy prices, building codes, income levels and final energy use per 
capita can be found in Unander et al. [300]. As well, the growth of an 
environmental awareness amongst the population has placed energy efficiency 
on the political agenda. However, according to Tol [301], the trade-off between 
rising consumption (caused by e.g. growing population, smaller households, 
increases in plug-load consumption) and improving energy efficiency is 
superseded by the expanding economies of developing countries. Tol predicts 
that in the U.S. there will be no decrease in carbon dioxide emissions in the next 
few decades. Hence, it can be assumed that building codes and energy 
regulations will only get stricter.  
Airtightness is one of the defining factors in energy use in buildings. In a 
moderate climate such as that found in Belgium, infiltration of cold air accounts 
for up to 20% of overall primary energy use for code-compliant buildings [302]. 
Obviously, in colder climates the more pronounced effects of infiltrating cold air 
in buildings will result in code requirements for improved energy efficiency and 
thus promote better construction practice concerning airtightness [303]. In 
general, the existing housing stock in colder climates is more airtight as 
compared to homes located in moderate climates [304]. One might expect that 
more airtight buildings are constructed over time due to stricter building codes, 
but an analysis by Bossaer et al. [305] on 51 homes built before and after the 
implementation of the first energy building code in Belgium showed no 
difference in respect to airtightness. However, the energy code in Belgium only 
provides recommendations on airtightness in relation to HVAC-systems, 
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contrary to that required in other countries, e.g. Norway and Sweden [306]. The 
average airtightness (n50, the measured air volume flow at 50Pa pressure 
difference divided by the interior volume of the building) of detached residential 
buildings in Belgium in 1995 was 11.7 air changes h
-1
 [305] (results were 
recalculated to meet ISO 13829 [286] requirements). A more recent study by 
Laverge et al. [307] on newly built residential dwellings shows that the air 
leakage has decreased significantly in 15 years, and is now about 6.0 air changes 
h
-1
 at 50Pa pressure difference. This decrease is mainly caused by an increased 
awareness concerning airtightness by architects, contractors and building 
owners. These values are still well above all recommendations in national 
standards [306] and typical measurements in the U.S., Canada and Sweden 
[276]. The required level of airtightness of buildings in Belgium will thus only 
become stricter in the future. In 2006 the airtightness of only 1,5% of all newly 
built dwellings was measured, whereas in 2009 already over 7% were tested 
using a pressurization test [308]. There is an urgent need for standard details at 
openings in buildings that would minimize air leakage at these vulnerable 
locations [309]; this has become apparent from the increased number of 
airtightness tests that are now being carried out. It is evident that the building 
stock in Belgium has poor airtightness performance and from this it can be 
surmised that there is likewise a lack of knowledge at the designer’s side in 
respect to achieving adequate airtightness in homes. For wood-frame 
construction interesting research was published by Relander et al. on different 
components and interfaces [263, 264, 310]. The window-wall interface is one of 
the key air infiltration pathways in wood-frame construction [22]. Consequently, 
there is a high probability that this will likewise be the situation for masonry 
cavity walls.  
Energy concerns are not the only reason to focus on airtightness. A lack of 
airtightness can cause cold draughts, lower acoustical performance of the 
building envelope, interfere with the balance of a HVAC-system, promote 
interstitial condensation through exfiltrating air and surface condensation 
through infiltrating air. In chapter 8 it was also shown that deficiencies in 
airtightness have an effect on the watertightness of the window-wall interface: 
over the course of watertightness tests those window-wall assemblies that have a 
poor airtightness performance resulted in high air flow rates which transported 
water droplets onto the interior finish.   
In section 2 of this chapter, the results of a literature review indicate that the 
airtightness of window-wall interfaces has previously been studied by several 
organisations across the globe, but the results are primarily reported for leakage 
of wood frame house construction. It was also evident from the results in this 
review that major differences in airtightness performance can arise due to poor 
installation, wrong product selection or local deficiencies. Comprehensive air 
leakage data on window-wall interfaces in cavity brick walls were not found. 
Solutions for ensuring adequate airtightness of brick cavity walls may face 
additional problems compared to wood frame construction. First of all, the 
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general methodology to make walls airtight differs distinctly from methods to 
seal interfaces. Unlike the common air barriers and tapes used in wood frame 
construction, brick cavity walls rely on plaster for airtightness. Future solutions 
to obtaining highly airtight enclosures may require techniques that might not be 
common practice at this time. Secondly, typical tolerances in masonry brick 
walls are greater than those in wood frame construction. Thirdly, the airtight 
layer on the wall and at the interface is typically hard to reach after installation; 
as such, repairs required following an airtightness inspection in which a 
pressurization test was done, are more difficult to complete.  
Based on the rising demand from the building industry for standard details for 
airtight construction in masonry cavity walls, and the fact that window-wall 
interfaces can account for significant air losses, and as well, the lack of 
information found in literature on this topic, a research project was initiated to 
provide practical information on this topic. This chapter reports the results of an 
experimental study on 13 different installation methods for windows in masonry 
cavity walls. Section 3 provides details on the relevant standards, the test method 
and experimental setup, and a thorough  error analysis based on error 
propagation of partially correlated parameters. In section 4 the different 
installation methods are described using detailed sectional drawings and 
description, whereas the results are reported in section 5. Finally, in section 5 
also an analysis of window-wall interface air leakage is given as compared to 
overall building airtightness.  
9.2 Literature review 
Contrary to the overall insulation level of a building, the airtightness is not an 
area-averaged value. Any deficiency can have a major effect, so attention should 
be paid to every aspect of the building envelope. Research and guidelines are 
required on the airtightness of floors, walls, roofs, windows, doors, interfaces, 
penetrations etcetera. The typical construction method and materials of those 
different components of the building envelope vary geographically, according to 
climate, natural resources and building practice employed in a particular 
geographical location. This chapter only focuses on the window-wall interface in 
brick cavity masonry walls. These walls are typically representative of current 
building practice and consist of an inside leaf in extruded large format perforated 
bricks, a cavity partially or fully filled with insulation and an outer masonry 
veneer wall. The airtightness of the wall is secured by a layer of plaster, typically 
sprayed to the interior side of the interior brick wall and scoured manually. Such 
type of walls are characteristic of North-Western European building practice 
(e.g. Belgium, The Netherlands, Northern France, Great Britain). This section of 
the chapter is comprised of an analysis of experimental data on the airtightness 
of window-wall interfaces as found in literature, and includes some general 
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guidelines or estimation techniques for assessing air leakage in homes which are 
often used or cited. The air flow rate through an opening for an applied pressure 
difference is commonly expressed by the empirical power law equation: 
 ̇           (9.1) 
With  ̇: air flow rate (m³/h), ΔP: pressure difference (Pa), and C: flow 
coefficient (m³/h.Pa
n
) and n: flow exponent (-). All results from literature are 
converted into these quantities and normalized to 50 Pa (discharge coefficient Cd 
for converting e.g. Equivalent Leakage Areas is assumed to be 1, flow exponent 
in general is 0.66). A summary of results derived from different sources is given 
in table 9.1. These have been classified as being representative of low, mean and 
high rates of air leakages, but these classes can have a slightly different meaning, 
as explained below. 
AIVC [275] reports median values (mean), 25%-fractiles (low) and 75%-fractiles 
(high) for window-wall interfaces (results based on laboratory and field tests, 
construction type undefined). 
ASHRAE, US [276] offers a ‘best estimate’(mean), minimum (low) and 
maximum (high) values for low-rise residential building applications (wood-
frame and brick cavity walls). Note that  the results are expressed as air leakage 
per square meter; how this area-averaged value relates to the air loss of a 
perimeter joint is unclear. 
The SENVIVV-study, Belgium [285] reported an estimation technique for 
residential buildings. There is only one value for window-wall interfaces of brick 
cavity walls, regardless of execution method. 
SBR, The Netherlands [311] reports a mean and low reference value for the 
airtightness. The two classes may apply according to the type of ventilation 
system in the building.  
Relander et al., Norway [22] did an extensive study on the airtightness of sealing 
methods for window-wall interfaces in wood-frame houses. Five sealing 
techniques for a 15mm joint were tested (low), and for some methods the effect 
of faulty workmanship was also characterized (high). 
Proskiw, Canada [312] reports leakage characteristics for eight different 
window-to-wall sealing methods for wood-frame constructions (13mm gap at 
side and top, 32mm gap at bottom). Every method was installed and tested five 
times by two different persons to obtain representative values. The minimum 
(low), mean and maximum (high) values are reported here. 
Höglund and Jansson, Sweden [313] tested the airtightness of five methods for 
sealing window-wall interfaces in wood-frame houses (joint width not reported). 
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Louis and Nelson, US [314] reported measurements for a wood-frame 
construction and several brick cavity walls, but as the results are reported per 
window (window dimensions are not documented), these are not included in the 
summarizing table. 
CMHC, Canada [315] reported on the airtightness of 12.7mm wide joints in 
wood constructions before and after simultaneous exposure to extended pressure 
and temperature differentials. A selection of the initial results is reported here. 
Table 9.1 Airtightness measurements of window- wall interfaces found in literature 
[m³/h.m] at 50Pa low mean high 
AIVC [275]    
     caulked joints 0.016 0.119 0.571 
     uncaulked joints 2.523 2.904 3.189 
ASHRAE [276]    
     masonry, uncaulked 18.532 21.133 33.488 
     masonry, caulked 3.576 4.227 6.828 
     wood, uncaulked 4.877 5.527 8.779 
     wood, caulked 0.975 0.975 1.656 
SENVIVV [285]    
     undefined - 1.000 - 
SBR [311]    
     undefined 1.040 2.080 - 
Relander et al. [22]    
     mineral wool 1.490 - 4.030 
     self expanding sealing strips 3.930 - 10.870 
     backer rod 0.970 - 1.240 
     tape 0.000 - - 
     airtight membranes 0.310 - 6.960 
Proskiw [312]    
     no treatment 4.867 4.965 5.176 
     conventional fibreglass 1.592 1.830 1.997 
     high density fibreglass 0.530 1.239 1.628 
     backer rod 0.089 0.253 0.420 
     casing tape 0.003 0.013 0.021 
     poly-return 0.042 0.096 0.237 
     poly-wrap 0.002 0.015 0.027 
     PU foam 0.000 0.031 0.155 
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Höglund and Jansson [313]    
     mineral wool - 5.000 - 
     plastic coated mineral wool - 0.900 - 
     airtight membranes - 0.100 - 
     caulking - 0.100 - 
     foam - 0.100 - 
CMHC [315]    
     mineral wool 1.305 4.004 10.797 
     closed cell backer rod 0.033 0.058 - 
     open cell backer rod - 18.288 - 
 
Most literature dealing with airtightness of window-wall interfaces originates 
from countries having a cold climate, and practically all reported measurements 
were completed on wood-frame constructions. Even though most joints have a 
similar width, there is a large variety in air flow rates for similar products. For 
example, the installation of mineral wool limits the air flow to around 1.5m³/h.m 
at 50Pa when placed correctly and well compressed, and ca. 5m³/h.m when 
installed incorrectly. Backer rods can be very airtight, and the air leakage should 
be below 1m³/h.m at 50Pa, whereas open cell products and self-expanding 
products generally perform poorly. Tapes and membranes are more airtight, 
between 0 and 0.31 m³/h.m at 50Pa, but also susceptible to improper installation. 
Polyurethane foam and sealants are practically perfectly airtight when installed 
correctly. The effect of a window sill on the overall performance of the window-
wall interface was not evident in any of these publications, and neither was it 
included in this research project.  
For this reason a new test series was setup, specifically devoted to masonry 
cavity wall construction, as described in section 4 of this chapter. Before 
discussing the results, the issue of measuring uncertainty in air leakage 
measurements is first addressed.  
9.3 Test method and error analysis 
9.3.1 Standards 
The airtightness of building components and building elements can be measured 
according to standard NBN EN 12114 [316] or NBN ISO 6589 [317]. The 
testing procedure in both standards is very similar, although the CEN standard 
includes more specific restrictions and guidelines on the accuracy of the 
measurements.  
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The CEN standard suggest at least 7 measured points, with a maximum pressure 
difference in accordance to the appropriate product specification. In absence of 
such a specification, one of the following pressures should be assumed as 
maximum pressure: 50-100-200-500-1000 Pa. The ISO standard does not give 
any maximum values, but the test sequence should be: 50-100-150-200-300-400-
500-600-(600 + x*250) Pa. Both standards specify three rapid pulses of 10% 
higher than the maximum pressure difference. Furthermore, both standards only 
require testing with positive pressures (external pressure on a building higher 
than internal pressure). 
9.3.2 Procedure 
The test samples were measured using a standard calibrated test rig which is used 
on a daily basis to test the airtightness of window frames according to NBN EN 
1026 [281]. The specifications and accuracy lie well within the limits required by 
the standards mentioned above, and the lab complies with EN ISO 17025 [318] 
for testing and calibration. In fact, the lab has been certified for airtightness 
testing on window frames for over 50 years, and by using an existing test 
protocol it has been shown to achieve  a high degree of reproducibility. In 
absence now of any specific guidelines for window-wall interfaces, the test 
protocol was based on the one for window frames given in NBN EN 1026: it 
seems reasonable to apply pressure differences corresponding to the typical 
product specification of windows to the window-wall interface. After three 
pulses at 110% of the maximum test pressure, the sequence is as follows: 50-
100-150-200-250-300-450-600 Pa. The same procedure is then repeated but with 
negative pressures. Although slightly divergent from the generic airtightness test 
standards, it provides information for both positive- and negative pressure 
conditions, similar to the actual conditions to which the interfaces are exposed 
over their service life.  
The window itself was non-operable, and the glazing stop was sealed on both 
sides (glass side and frame side) to ensure that no air was infiltrating through the 
window and influenced the measurements. Furthermore, smoke pencils were 
used to trace and visualize leakage paths in the sample. The extraneous air 
leakage was measured before, in between and after the tests. The experimental 
data reported in this study were calculated by subtracting the first extraneous air 
losses from the measured air flows. If there was a slight difference in extraneous 
air leakage before and after the sample measurement, the lowest value of 
extraneous air loss was chosen to provide a conservative result. The test 
sequence described above was also used for quantifying the extraneous air 
losses, but with an airtight plate installed over the window opening (figure 9.2). 
The plate covered 5cm of plaster around the window reveal, and was sealed to 
the plaster by means of a compressed closed cell neoprene backer rod and 
caulking. The test rig was designed to be as airtight as possible, to reduce the 
overall error on the results (cfr. error calculation in section 9.3.3). The leakage of 
the test rig was adjusted by consecutive testing, but even after optimization the 
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degree of air loss remained in a range of 0.5 – 0.6m³/h.m at 50Pa for the different 
measurements of  extraneous leakage (air loss is divided by the window 
perimeter to relate to measured air flows in section 5). As 6 out of 13 measured 
installation methods have an air loss ranging between 0 and 0.2m³/h.m at 50Pa, 
the effect of the extraneous air loss is significant. This caused quite large 
uncertainty intervals for results of the most airtight installation methods. The 
temperature, relative humidity and barometric pressure was recorded during each 
test, in order to convert the results to standard boundary conditions. 
9.3.3 Measurement error 
The papers on airtightness measurements of building components cited in this 
work omit a thorough error analysis, and only offer a rough estimate of the error 
based on the accuracy of the instrumentation, without error propagation. In 
airtightness measurements, the air loss is usually measured at a range of pressure 
differences, a power law is fitted through the data, and a single value is 
extrapolated at a specific pressure difference (e.g. 50 Pa). Consequently, there 
are a number of steps to be taken in order to define the confidence interval of the 
result: accuracy of instrumentation, data rejection, error by fitting, error 
propagation in the power law, and error propagation by subtracting the 
extraneous air leakage from the gross air flow. The maximum error on the flow 
coefficients can be calculated using the 5% error limits on the air flow meter and 
5% error on the pressure sensor (maximum tolerable errors according to EN 
12114). That standard also suggests the following method for error analysis: 
assuming the errors on air flow sensor and pressure sensor are not correlated, and 
assuming a maximum flow exponent of 1, the maximum error becomes 7.1% 
(addition of errors in quadrature). Next to that, there is also a more elaborate 
error calculation method based on fitting the power law, uncertainty in the 
leakage coefficients and a student t-distribution for the confidence interval. The 
accuracy of the test rig used for the measurements reported in this chapter was 
better than that required in EN 12114 (error of 3,965 instead of 5%), so it could 
be expected that the overall error was lower as well.  
Based on 40 calibration measurements for the air flow on the test rig, the 95% t-
distribution confidence interval was defined by an error of 3.965%. As well, due 
to the rounding of coefficients there is a systematic error of 0.01%. The pressure 
sensors have an error below 0,5% in the range 50-200Pa, and below 0,2% in the 
range 200-600Pa. Consequently, the uncertainty in the pressure difference is 
omitted in the error analysis (the effect is negligible compared to the other 
sources of uncertainty). The airtightness is defined by a power law fitted through 
a series of measurements at 8 pressure differences. Contrary to the standard data 
rejection protocol for identical measurements (e.g. the average strength of 
concrete prisms based on 5 repetitions), data rejection can also be applied by 
comparing the data points with the best fit. Based on the spread of the data points 
around the fitted power law, suspected erroneous values can potentially be 
identified. For these values, the probability was then calculated that a value as 
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deviant as the suspect value would occur for the sample group based on the 
standard deviation around the fit.  
If one measurement in a series of measurements appears to disagree strikingly 
with all the others, it is theoretically possible to reject the suspicious data point 
because it might be a mistake. Based on Chauvenet’s criterion it can be decided 
whether or not the data should be rejected [319]. Basically one needs to evaluate 
the probability that a suspicious value (xsus) would actually be bona fide taking 
into account the size of the sample group. This can be done based on the number 
of standard deviations (tsus) the suspicious value is away from the mean of the 
sample group: 
     
|      ̅|
  
    (9.2) 
 
Next, the probability can be found that a legitimate measured value would differ 
by more than tsus standard deviations from  ̅. Multiplying that number by the 
number of measurements N, gives the expected number (nsus) of measurements 
as deviant a xsus. 
           (               )    (9.3) 
 
Chauvenet’s criterion states that if the expected number of measurements at least 
as deviant as the suspect measurement is less than 0.5, the suspected 
measurement should be rejected. Note that the value of 0.5 is very arbitrary, and 
one might argue that measurements should never be rejected without a 
comprehensive explanation why one specific measurement is omitted. 
Considering the limited size of the sample group, it seems reasonable to allow 
one rejection of a measurement, but the criterion should not be applied a second 
time with adjusted mean value and standard deviation. 
 
This rejection of data is based on the assumption that a number of identical 
samples are tested under the same conditions, and that the results constitute a 
Gaussian probability distribution (e.g. the average strength of a number of 
identical concrete cubes). In the airtightness measurements there are no identical 
samples, there are only measurements of the same sample under varying 
conditions. However, it is still possible to apply the philosophy of Chauvenet’s 
criterion. Instead of analyzing suspect data points based on the average value and 
the standard deviation, the fit of the power law can be used as reference for data 
rejection. For a specific data point (xsus,ysus), the number of standard deviations 
tsus is then: 
     
| ̇     ̇       |
√  
   
∑ ( ̇   ̇    )
  
   
    (9.4) 
 
With  ̇    the suspicious air flow (m³/h),  ̇        the calculated air flow according 
to the fitted power law (m³/h),  ̇  the air flow at other pressure differences (m³/h) 
and  ̇      the calculated air flow according to the fitted power law for all the data 
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points (m³/h). Based on this value one can calculate the expected number of 
values as deviant as the suspicious data point, and if below 0.5, the suspicious 
data point should be rejected. 
However, the criterion was only applied if the difference between fit and data 
point was larger than the sensor error on the air flow measurement. Otherwise 
data tend to get rejected for very small differences in absolute value: if the data 
fit very well to the power law, very small deviations become theoretically 
unlikely. The fit of the power law is calculated by linearizing the data according 
to: 
  ( ̇)    ( )       (  )   (9.5) 
Which can be written as a linear relationship        ; with      ( ̇), 
     ( ) and      (  ). The leakage coefficients and the corresponding 
uncertainty in slope n and intersect a can be calculated using standard statistical 
techniques, specifically for variance: 
      √
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The error on the leakage coefficients C and n can be derived from the linearized 
power law:     , and with n having already been calculated in the logarithmic 
space it evidently remains the same. Consider computing the sum      , of 
two number x and y that have been measured in the standard form 
 
(                   )              (9.9) 
 
and a similar expression for y. Consequently, 
 
                                   (9.10) 
 
With 
 
                          and                         .   (9.11) 
 
However, it is likely that this formula will overestimate the actual uncertainty of 
q. The highest extreme value for δq will only occur if x is underestimated with 
the full amount of δx and y is underestimated with the full amount of δy. If x and 
y are measured independently and the errors are random in nature, there is a 50% 
chance that an underestimate of x is accompanied by an overestimate of y. It can 
be proven that if the measurements of x and y are made independently and are 
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both governed by a Gaussian distribution, the uncertainty in       is given 
by an addition of the errors in quadrature:  
 
    √(  )  (  ) .   (9.12) 
 
It can easily be seen that this uncertainty δq for two positive numbers δx  and δy 
is always smaller than δx + δy, as δq can be seen as the hypotenuse of the right-
angled triangle with catheti δx and δy. Note that the individual errors can only be 
added in quadrature when the measurements were made independently. If 
pressure x and y were recorded with the same pressure tap, it is possible that 
there is a systematic under- or overestimation of each measurement, and in that 
case an overestimate of x will not be offset by an underestimate of y. More 
generally, the error propagation of any function with uncorrelated parameters can 
be calculated as follows: 
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and the error is never bigger than the ordinary sum:  
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However, the leakage coefficients are typically negatively correlated (Pearson’s 
correlation coefficient is < 0). Consequently, the simplified error propagation 
theory above should not be applied. If we consider that x is a measured value, 
and    ( ) is a derived quantity; consequently,        (     ). Assuming 
the standard deviation on x is small enough, the effect on q can be calculated 
with linear approximation (derivative is evaluated at xbest): 
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By squaring the equation above, adding it for the whole sample group and 
dividing it by N-1: 
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The standard deviation on the leakage coefficient  (   ) can thus be calculated 
as follows: 
  
         
  or     
       (9.17) 
 
Now consider a function with two variables x and y, with uncertainties δx and 
δy. The simplest situation occurs when x and y are normally distributed random 
variables, then the parameters are defined by the best estimates (xbest and ybest), 
and their uncertainties given by their standard deviations (σx and σy). If the 
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uncertainties in x and y are small enough to approximate variations in q(x,y) as 
linear with respect to variation of these variables, such that: 
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with the partial derivatives are evaluated at (xbest, ybest). Consequently, the 
variance of q is then: 
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Expanding this expression renders 
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By identifying in terms 
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For the power law, this renders 
  ̇
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 )  
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 (9.22) 
With r = Pearson correlation coefficient of leakage coefficients C and n. For the 
18 measurements (including measurements of extraneous air leakage), the 
Pearson correlation coefficient is -0.5, a result significantly higher than that 
reported value of -0.999 by Fazio et al.[320]. Higher air flows typically result in 
higher values of leakage coefficient and smaller values of leakage exponent; 
assuming there are larger openings, the average flow regime will tend to shift 
from laminar towards turbulent. The Pearson correlation coefficient has a very 
large influence on the overall error, but is also very sensitive to deviating values 
in C and n. The standard deviation on the leakage coefficient  (     ( )) can 
be calculated by a similar equation but for one parameter as follows: 
       ( )       (9.23) 
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Figure 9.1. Air flow measurement with power law and uncertainty interval of installation 
SPF-all 
 
The error calculation methodology presented above thus renders it possible to 
determine the uncertainty interval of an air flow calculated with the power law at 
a reference pressure difference. If one only has one measurement, the uncertainty 
would be equal to the measurement error of 3.965%. If there are multiple 
measurements used to generate the leakage coefficients of the power law and 
calculate a specific airflow at a given pressure difference, one would intuitively 
expect a smaller error. This was evaluated with Monte-Carlo analysis of 100 data 
sets of 8 fictional measurements for a given power law, where the 8 points were 
sampled with a normal distribution around the power law at 8 pressure 
differences, with a standard deviation that corresponded to the standard deviation 
of the measurement error, and a Pearson correlation coefficient of -0.5 was 
assumed in the error propagation. This analysis determined that there was an 
average error of 11.2% using the given methodology. Even if one would 
calculate the interval assuming a normal distribution instead of a t-distribution, 
the error would only decrease to an average of 9.7%; this is still significantly 
higher than the measurement error on one single measurement. The most 
important parameter in the error propagation is the value of the Pearson 
correlation coefficient, r. If it is assumed to have a value of -1, the error is 
reduced to an average of 1,1%, whereas the addition in quadrature (leakage 
coefficients uncorrelated, thus r=0) renders an average error of 13.3%. The error 
due to fitting the power law and calculating an air flow rate at a specific pressure 
difference is thus 2.8 times larger than the uncertainty on a single measurement. 
All the measurements were corrected for temperature, relative humidity and 
barometric pressure, and reported for reference conditions (i.e. 20°C, 50% RH, 
101325Pa) based on following conversion: 
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  (9.24) 
With  ̇  the air flow at reference conditions (m³/h), ρ0 the density of the air at 
reference conditions (=1,1988 kg/m³), and for the conditions during 
measurement:  ̇ the measured air flow (m³/h), pa the atmospheric pressure (Pa), 
RH the relative humidity (%) and T the temperature (K). The uncertainty of the 
measurement instruments is respectively 20Pa, 2% RH and 0.5K. Assumed 
uncorrelated results from a Monte-Carlo analysis produced a standard deviation 
of 0.03% on the air flow and a maximum error due to conversion in boundary 
conditions of 0.14%.  
The air flow of the window-wall interface can be found by subtracting the 
extraneous air loss from the overall air loss. Both are measured on the same test 
rig, so in principle the absolute errors should be added. However, the systematic 
error has been quantified, so the total error is the sum of the systematic error and 
the error due to conversion to boundary conditions, with the addition in 
quadrature of the errors in overall and extraneous air leakage. Next to that, the 
error is primarily determined by the fitting of the power law which is 
uncorrelated for different measurements. Figure 9.1 shows the measured air 
flows of one installation method (SP-PUR-all, test setup A) tested with positive 
pressure differences. Next to the measurements (with error bar), the fitted power 
law curve is given, together with the limits of the standard deviation and 95%-
confidence interval based on a two sided student t-distribution. The measurement 
at 600Pa pressure difference was rejected here based on Chauvenet’s criterium 
[319]. The deviation of that specific point might originate from geometrical 
changes due to the induced wind load, so the fitted power law curve can only be 
used in the interval defined by the other data points. A pressure difference of 600 
Pa relates to extremely high wind speeds, and from an energy use point of view 
such exceptional speeds have no importance. If the focus only lies on airtightness 
testing, it would perhaps be an option to limit the test pressures to the range of 
pressures the component will likely be subjected to during its service life.  
Last but not least, the error only refers to the measurements error on one specific 
sample. The samples were constructed by experienced professionals, and the 
installation methods were reviewed by a group of contractors, building 
professionals and architects to make sure that the solutions were feasible and 
representative of current building practice. Whether or not the sample itself was 
representative of current practice cannot be quantified, and the variation in 
performance in a larger sample group is unknown. Proskiw [312] measured 
variation coefficients ranging from 0.03 to 0.85 for a range of solutions to tighten 
the window-wall interface (except for PU foam, where it was 2.24). This work 
thus indicates that there are large differences in the susceptibility of different 
installation methods to variations, and some installation methods might be more 
prone to execution errors.  
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9.3.4 Test specimens 
In order to measure the airtightness of the window-wall interface in cavity brick 
walls, two test walls were built to represent different situations. The first wall 
was considered as common practice and was comprised of an aluminum window 
frame in a brick cavity wall having 8cm of polystyrene insulation and 3cm of air 
cavity. Note that the majority of newly built walls in Belgium incorporate an air 
cavity to ensure adequate drainage and easy of execution. For this specimen, two 
different interior finishes for the window reveal were applied: a wooden window 
trim (test setup A); or a layer of gypsum plaster on the reveal (test setup B). Test 
setups A and B were thus applied on the same wall, but have a different interior 
finish.  
Currently in Belgium (and perhaps elsewhere in Northern Europe where homes 
constructed of brick masonry walls are current practice) there is a tendency to 
place more insulation in brick cavity walls to comply with energy standards with 
the expectation of reducing energy losses and thereby lowering heating costs. 
Extremely low energy buildings can have cavities (width of insulation plus 
empty cavity) up to 24cm wide in order to obtain, e.g., passive house 
certification. As the window frame is typically recessed about 10cm from the 
outer masonry plane, the installation technique should take into account the 
eccentric structural load of the window with regards to the inner bearing 
masonry wall. This eccentric load can be dealt with by mounting strong brackets 
at the sill, or for small to moderately sized windows by installing a plywood 
framework all around the window frame. Even if the window is too big and extra 
brackets are required at the sill, the plywood frame still offers additional 
benefits, such as ease of installation, rigid backing for the interior finish, and 
additional rigidity for the window installation. The latter technique was thus 
applied, also because it is currently the most common approach used in buildings 
certified for extremely low energy usage . The second wall was thought 
representative of well insulated buildings, and consisted of a wooden window 
frame in a brick cavity wall having 20cm of polystyrene insulation and a 2cm air 
cavity (setup C). For setup C it was anticipated that the performance would be 
independent to the type of interior finish. For both walls, the windows are 1.23m 
wide and 1.48m high (according to the product standard NBN EN 14351-1 
[321], and representative of typical dimensions for windows in Belgium), and 
both walls were 1.92m by 2.02m (2m adjusted to brick module).  
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Figure 9.2. Measurement extraneous air leakage test setup C. 
 
In test setups A and B the window was installed using typical mounting brackets, 
whereas in setup C, given that the use of wide cavity brackets were not an 
option, there was a plywood framework to which to secure the window unit and 
that was fixed to the interior brick wall. It was anticipated that the interior finish 
of setup C (paint on plywood, window trim or gypsum plaster) would not affect 
the airtightness performance because the continuity of the airtight layer was 
guaranteed by the airtight plywood framework. In both test setups the horizontal 
projected gap between frame and wall was 2.5cm; this is a typical size and 
allows adequate tolerance for installation. Note that the perimeter was not 
exactly the same for both setups because in setup C the plywood framework at 
the perimeter of the window required a slightly bigger opening in the wall to 
obtain the same degree of tolerance. In both cases the window was recessed 
10cm from the outer plane of the wall. Contrary to common practice, the joint 
between the exterior brick wall and the window frame was not caulked during 
testing. It was assumed that brickwork typically does not contribute to the 
airtightness due to open drains and vents in the façade. Note that the installation 
methods were only designed for airtightness testing; other parameters such as 
watertightness and thermal performance were not considered here. 
Consequently, no statements are made in respect to other parameters and the 
drawings only report the installation as it was tested. All of the different 
materials used to fabricate the test specimens were randomly selected and 
installed by professional craftsmen. Caulking and sprayed in place polyurethane 
foam (SP-PUR) were always left for at least one day to cure prior to testing, and 
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plaster was permitted to cure for at least two days. Figure 9.2 shows the 
measurement of extraneous air leakage of test setup C. 
In these tests, no differentiation was made between the head, jambs or sill, 
similar to that reported in all of the papers cited in table 9.1. Furthermore, it 
should be noted that the results represent the air leakage along the linear 
interface, as well as any local deficiencies situated at the corners. For test setup 
A the perimeter was 5.32m and this obviously included the four corners. It is 
likely that the corners are less airtight than the linear joints due to additional 
interfaces coming together and issues related to ensuring airtight installation at 
these locations. As the results are expressed per meter of joint length, this 
implies that the results presented in this chapter might underestimate the air 
leakage for windows having a lower area to perimeter ratio given that in such 
instances the air leakage at the corners is more important. 
9.4 Installation methods 
The selection of the different installation methods was discussed with building 
practitioners, window installers and manufacturers in collaboration with the 
Belgian Construction Certification Association (BCCA), specifically the group 
working on window-wall interfaces. An overview of the installations is described 
in table 9.2, and drawings are provided in figure 9.3. In setup A, the window is 
installed with 10 mounting brackets (3 on each jamb, 2 on head and sill), and the 
interior finish consists of a wooden window trim. In test setup A 7 different 
installation methods for the aluminium window frame were measured, with 
varying installation methods for a plywood window trim primarily using mineral 
fibre, SP-PUR and caulking. The SP-PUR used in the different installation 
methods is a one-component low-expansion foam with a high elastic recovery, 
and was applied with a foam applicator gun system. For the caulking, a one-
component sealant based on a MS-polymer (i.e. Silyl-terminated polyether 
modified polymer) was applied with a traditional caulking gun.  
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Figure 9.3a. Window-wall interface details. Empty: no insulation in interface. C: caulking 
on interface with window. MF: mineral fibre insulation in interface. SP-PUR: spray-in-
place polyurethane foam. e: insulation on exterior side of interface. i: insulation on 
interior side interface. All: interface completely filled with insulation.  
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Figure 9.3b. Window-wall interface details. RP: reveal covered with plaster. Stop: end 
profile for plaster is installed with caulking. Foil-i: foil adhered on interior side of 
window frame. Foil-e: foil adhered on side of window frame, on top of mounting brackets. 
WF: plywood frame is attached to window frame. 
 
In test setup B the windows were installed in the same wall as setup A, also with 
10 mounting brackets, but the interior finish consisted of gypsum plaster, a 
technique which is currently highly used in contemporary architectural practice. 
When the plaster is applied on the reveal just on to the window profile, the 
drying of the plaster induces a shrinkage crack at the interface (installation RP) 
this approach allows high air flow rates through the cracks. Such cracks are 
afterwards typically enlarged due to thermal movement of the window and 
deformation by mechanical loads (wind forces or operating forces). This can be 
resolved by installing a vinyl end profile for the plaster, and then placing a 
backer rod and caulking between the end profile and the window frame (RP 
stop). This technique only uses standard techniques from the building industry, 
and is airtight enough to be applied in passive  homes. Another solution is the 
use of airtight membranes, equipped with a woven layer that allows plaster to 
adhere on the membrane. The membrane itself consisted of a polyester foil, with 
a pressure sensitive adhesive on one end that  was adhered to the window frame, 
and a butyl layer on the other end that was attached to the interior brickwork.  
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Table 9.2 Window installation methods in test setup A, B and C. 
No. Setup Abbreviation Description 
1 A Empty+C 
Cavity between the brick wall and window 
casing and trim is empty.  
2 A MF loose +C 
Cavity is packed with medium density mineral 
fibre 
3 A MF dense +C 
Cavity is packed with high density mineral 
fibre 
4 A SP-PUR-e +C 
Cavity is partially filled with SP-PUR 
(exterior side) 
5 A SP-PUR-I +C 
Cavity is partially filled with SP-PUR (interior 
side) 
6 A SP-PUR-all 
Cavity is entirely filled with SP-PUR, no 
caulking between the window frame and the 
window casement 
7 A SP-PUR-all+C 
Similar to No. 6 (SP-PUR-all), but with 
caulking between window and window trim 
8 B RP 
An XPS substrate was mounted to masonry 
brick wall;  a layer of plaster was placed onto 
window frame. A minor crack was induced 
between window frame and plaster due to 
drying shrinkage of plaster. 
9 B RP stop 
Similar to No. 8 (RP), but instead a plaster 
stop profile was installed, and in between a 
backer rod and caulking ensured the 
airtightness 
10 B PR foil-e 
An airtight membrane was adhered to side of 
window frame on one side, and on the other 
side to interior masonry brick wall. A thick 
layer of plaster connects plaster on wall to 
window frame.  
11 B PR foil-i 
Similar to No. 10 (PR foil-e), but in this case 
the foil was adhered to the interior side of the 
window frame after the window was installed 
and fixed with brackets.  
12 C 
WF SP-PUR 
-all 
Cavity between wooden frame and insulation 
and interior brick wall was filled with spray-
in-place foam. Plaster was applied over SP-
PUR, but shrinkage induced crack was 
apparent between plaster and frame. 
13 C 
WF SP-PUR 
-all +C 
Similar to No. 12 (WF SP-PUR-all), but there 
was no crack between plaster and wood 
framing, e.g. by means of caulking. 
 
242  CHAPTER 9  
The third series of tests were done on a different wall that represented a situation 
for highly insulated buildings (i.e. buildings having e.g. 200mm of insulation). 
Here the windows were installed using a plywood frame attached to the window 
profile: caulking was used at the corners between horizontal and vertical to 
ensure the airtightness. In the first test the cavity between interior brickwork and 
plywood was filled with SP-PUR, and plaster was applied over the SP-PUR just 
on to the plywood frame (WF SP-PUR-all). Due to the drying of the plaster there 
was also a shrinkage crack. In the second installation, the plaster was connected 
airtight to the wood framing by means of caulking. 
9.5 Results 
The air leakage results through the different window-wall interface installation 
methods are summarized in table 9.3. The leakage (V50) was measured under 
both positive (pressure acting on the exterior side of the wall) and negative 
pressure, and for both values the standard deviation σv is reported based on the 
error propagation derived for the leakage coefficients as used in the power law. 
Table 9.3 also reports two air flow rates just below zero, which is obviously not 
possible. However, these were the results of the regression analysis, and one can 
easily see that a large part of the confidence interval lies above zero. Out of 13 
tests, the air leakage of 7 samples show a higher leakage rate at positive pressure 
difference compared to a negative pressure difference, but only for 2 cases the 
error bars do not overlap. Similarly, only for two cases the flow at a negative 
pressure is significantly larger than the air flow at positive pressure. Conversely, 
based on the single-point measurements at 50Pa with smaller errors, 9 
installation methods show a significantly higher air leakage for positive pressure 
differences, and 3 are significantly lower than the air flow at negative pressure 
difference. For most installations there is no obvious explanation for the 
difference in flow rate due to the direction of the pressure difference, except for 
the installations with airtight membranes where positive pressures induce 
ballooning of the membrane and thus higher flow rates. Note that only 
airtightness is reported; other aspects e.g. thermal performance may be equally 
important, but are not discussed here.   
9.5.1 Test setup A 
The tests showed that loose mineral fiber cannot adequately tighten the interface 
and consequently this resulted in significant air losses (11,64m³/h.m). Even 
densely packed mineral fiber still allowed quite significant air losses 
(2,90m³/h.m) as compared to the other installation methods. The use of SP-PUR 
performs reasonably well, even if the cavity between the interior brickwork and 
window trim is only partially filled. On the other hand, SP-PUR performs 
extremely well (0,00m³/h.m) if that cavity is completely filled and the joint 
between the window trim and window frame is tightened by means of a backer 
rod and caulking. If only the exterior side is filled (SP-PUR-e +C) air infiltrated 
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through the joints of the brickwork. If there is SP-PUR on the interior side of the 
cavity, air might infiltrate through the interface of trim and frame, or through the 
joints of the different parts of the window trim (such as SP-PUR-i +C). SP-PUR-
all was completely filled with spray in place foam, but contrary to the other 
installation methods, there was no caulking between trim and window which 
resulted in high local air flows located at the mounting brackets because the 
foam was unable to fill all the gaps and slits around the brackets. The results on 
this setup correlate quite well with the results found in literature (see table 9.1) 
on airtightness of window-wall interfaces in wood-frame construction, although 
the results in this study are typically higher compared to that found in literature. 
This is probably because the interface in masonry construction is more irregular 
compared to wood frame construction. Contrary to wood, the masonry itself is 
not airtight which introduces a higher susceptibility to flaws and less redundancy 
at the interface. 
9.5.2 Test setup B 
The setup with the membrane adhered to the side of the window (PR foil-e) 
proved to be more airtight than the installation where the foil was installed from 
the interior side after the window was mounted (PR foil-i). The main locations 
for infiltration in both cases were the corners: for the first case the foil was 
folded with an overlength (at the corner the foil did not follow the perimeter; an 
additional 10cm was folded in order to cope with the difference in perimeter 
dimensions of window frame and window opening), in the second case the foil 
was not continuous at the corners, but locally cut for an overlap and fixed with 
caulking. The results on installations that rely on membranes for airtightness 
show good agreement with the results found in literature. One paper [22] reports 
high infiltration rates, but this was for poor installation quality which was not the 
case here. 
Table 9.3 Air leakage of the 13 installation methods at 50 Pa. 
 POSITIVE NEGATIVE AVERAGE 
m³/h.m@50Pa V50 σv V50 σv V50 σv 
Empty +C 32,82 2,04 28,75 2,06 30,78 2,06 
MF loose +C 11,29 0,41 11,99 0,28 11,64 0,35 
MF dense +C 3,19 0,26 2,60 0,21 2,90 0,24 
SP-PUR-e +C 1,23 0,47 0,90 0,18 1,06 0,32 
SP-PUR-i +C 1,67 0,19 1,86 0,16 1,77 0,18 
SP-PUR-all 1,79 0,36 0,94 0,29 1,36 0,32 
SP-PUR-all + C 0,00 0,28 -0,01 0,17 0,00 0,22 
RP 2,63 0,18 3,16 0,29 2,90 0,24 
RP stop 0,08 0,04 0,07 0,04 0,08 0,04 
PR foil-e 0,12 0,14 0,14 0,13 0,13 0,14 
PR foil-i 0,24 0,12 0,13 0,14 0,19 0,13 
WF SP-PUR-all -0,03 0,13 0,24 0,08 0,10 0,10 
WF SP-PUR-all +C 0,01 0,09 0,06 0,08 0,03 0,08 
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9.5.3 Test setup C 
Due to the drying of the plaster there was a shrinkage crack between plaster and 
plywood, but this only had a minor effect on the air losses. The difference in air 
flow between the installations with and without caulking was very small: the 
airtightness of the spray in place foam was also tested separately and proved to 
be airtight. Both these installations could be recommended for use in passive 
homes. In practice, the plywood is typically covered with a gypsum board or 
other finishing. However, the tests done in the laboratory indicated the 
performance of the interface, regardless of the interior finish. Test results taken 
from the literature relating to window-wall installations using SP-PUR show 
similar levels of performance. 
9.5.4 Practical implications 
The interpretation of the absolute values can easily be understood by means of an 
example. Based on an extensive survey [285], one can assume that the average 
Flemish detached residential building has 105.0m of window-wall interface 
(including door to wall interface, excluding door sill, excluding garage doors), 
and an internal volume of 516.1m³. Figure 9.4 shows the share of the air loss 
through the different installation methods of the window-wall interface 
compared to the overall building air losses for a range of building airtightness 
levels. The legend is ranked according to the air loss, from leaky to tight (MF 
dense +C coincides with RP). The effect of choosing a different installation 
method can be found by following the black dotted lines: changing to a more 
airtight installation method  will decrease the overall airtightness along the path 
of the dotted lines, depending on the original level of building airtightness. 
Consider a building with airtightness of n50,A, air loss of the window-wall 
interface of  ̇    , total length of the window-wall interfaces, L, and interior 
volume of the building Vb. The effect of a different window-wall interface 
( ̇    ) can be calculated as follows: 
           
 ̇      
  
 
 ̇      
  
   (9.25) 
The sensitivity of the building airtightness to the window-wall interface 
installation method is thus quantified by the ratio L/Vb. 
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Figure 9.4. Proportion of air leakage through window-wall interface in relation to overall 
building airtightness 
 
There are no absolute guidelines on how airtight a window-wall interface should 
be, or what proportion in air leakage a or a set of windows should have as 
compared to the overall air leakage of a building. As well, there is very little 
information on the actual airtightness of other components or interfaces in 
buildings with masonry cavity walls, or how significant their share is in respect 
to the overall air losses of the building. However, taking into account the 
numerous locations in a building where infiltration may occur, it seems advisable 
to set boundaries for the window-wall interface. For example, the air loss could 
be limited to 10% of the overall building leakage, which is a conservative value 
based on the comparative analysis of different sources of air leakage in 
residential buildings [322]. For a chosen building airtightness, it would be 
advisable that only the installation methods below the 10% line be used to avoid 
excessive air loss through the window-wall interface. Figure 9.4 indicates that 
this assumption is also feasible in practice, because for different levels of 
airtightness performance, a range of installation methods could comply with 
these requirements. The average building airtightness n50 of newly built detached 
residential buildings in Flanders is 6 air changes h
-1
, which, if one considers the 
suggested 10% limit, results in a maximum air loss through the window-wall 
interface of 3,3m³/h.m at 50Pa. An airtightness of 3h
-1
 can be regarded as 
reasonably airtight and passive houses are very airtight (0,6h
-1
). The air loss 
through the window-wall interface should be below respectively 1,6 m³/h.m at 
50Pa  and 0,33m³/h.m at 50Pa. Although these values are project-specific, they 
offer a reference to assess the performance of the measured installation methods. 
Note that this analysis was only done for an average detached residential 
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building assuming a 10%-limit for air losses through the window-wall interface, 
and it is advisable to do this analysis for a project based on the actual interior 
volume of the building, the total length of the window-wall interfaces, and the 
required level of building airtightness.  
Based on the above assumptions, the installation methods designed as Empty +C 
and MF loose +C should in all instances be avoided. Whereas those methods 
designated as MF dense +C, RP, SP-PUR-i +C, SP-PUR-all and SP-PUR-e +C 
can be used for building airtightness requirements ranging between 2 and 6 h
-1
, 
depending on the specific installation method. The other solutions (RP foil-e, RP 
foil-I, WF SP-PUR-all, RP stop, WF SP-PUR-all+C, SP-PUR-all+C) are 
recommended to achieve n50-values below 1h
-1
 as might be used to achieve very 
low air leakage rates as for example passive homes.  
9.6 Conclusions 
Airtightness is a key factor in the overall thermal performance of buildings. As 
building energy codes become more demanding, the relative importance of 
airtightness in achieving the requirements set out in the codes increases, and as 
such,  even for homes located in moderate climates airtightness becomes a 
crucial parameter.  
Based on eight measurements, the error calculated from error propagation is 
typically larger than the measurements error, and is primarily determined by the 
Pearson correlation coefficient of the leakage coefficient and the leakage 
exponent. In these measurements the Pearson correlation coefficient was  -0.5, 
following which results from a Monte-Carlo analysis of samples helped establish 
an average error of 11.2%. However, this is only for one series of measurements 
(no effect of reduction with extraneous air loss) and omits the small systematic 
error, the conversion error, and the fact that the actual measurements are not 
perfectly distributed around the power fit power law. For installation methods 
that are very airtight the effect of the error on the extraneous air leakage can be 
significant.   
For buildings in Belgium with a regular, code-compliant, thermal performance, 
recommendations were derived to limit the air losses through the window-wall 
interface: it seems advisable that these should be below 3,3m³/h.m at 50Pa. For 
passive houses, for which the energy loss requirements are significantly more 
stringent, the admissible air leakage decreases to 0,33m³/h.m. This is based on a 
detached residential building of average construction, for which an arbitrary limit 
of 10% of the total building air leakage was assumed; the overall effect will vary 
according to the internal volume of the building and the total length of the 
window-wall interface. For a specific project the effect of the window-wall 
interface on the overall building airtightness can easily be estimated using the 
results of this study. 
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The experimental results show reasonable correlation with the results found in 
literature for window-wall interfaces in wood-frame homes. No insulation or the 
use of loose fiber insulation to obtain adequate airtightness seems to be 
insufficient: the air loss was above 3,3m³/h.m (at 50Pa), whereas densely packed 
mineral fiber was only just below that limit. Only partially filling the cavity 
between the casing and the brick wall with SP-PUR is already a significant 
improvement, but the interior brick wall is not very airtight, and still allows some 
air to enter through cracks. When the entire cavity is filled with SP-PUR there is, 
in principle, a continuous airtight layer from wall to window frame. The 
performance of the installation method proved to be sensitive to errors during 
installation: the space behind the mounting brackets can be difficult to reach and 
should be completed with great care to ensure airtightness. However, such 
deficiencies are mitigated by installing caulking at the interface between the 
window casing and the window frame; in this instance, the air leakage is reduced 
to below 0,33m³/h.m. The results in respect to airtightness of the installation 
method using gypsum plaster on the reveal provided considerably higher air 
leakage rates than expected (2,90 m³/h.m); this is due to shrinkage cracks 
between the plaster and window frame. This situation was resolved either by 
using an end profile for the plaster with backer rod and caulking; or by applying 
an airtight membrane on the interface. Due to sensitivity to leakage at the 
window corners, the installation with a membrane adhered on the side of the 
window frame before installation proved to be more airtight than the case where 
the membrane was installed on the interior side. The solutions with end profile 
and membranes are sufficiently tight that these may be used when constructing 
very airtight buildings such as passive homes. The installation method for well 
insulated buildings using a plywood frame around the window was also very 
airtight (below 0,33m³/h.m), and this method incorporates considerable 
redundancy.
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The tests sequences developed in chapter 3 based on Pareto front analysis have 
been applied to windows and window-wall interfaces in chapters 6 and 8 
respectively. It was concluded that the Pareto test sequence yields a more reliable 
performance assessment because it addresses different types of failure 
mechanisms. Up to now, only rain screen systems and perfect barrier systems 
have been evaluated, and it is to be determined whether or not the evaluation of 
buffering systems, such as masonry walls, are likewise sensitive to the testing 
procedure. Masonry walls are commonly used in a range of different climates 
and over the years a consensus has emerged amongst building practitioners that, 
if correctly installed and adequately maintained, masonry cavity walls clearly 
achieve adequate long-term performance. Two key features of masonry cavity 
walls contribute in providing acceptable performance by mitigating the effects of 
wind-driven rain: the evident capacity of the exterior masonry to absorb and 
store rainfall; and an open cavity behind the exterior masonry cladding to drain 
infiltrated water. Recent European trends in respect to energy conservation have 
building practitioners considering applying spray-in-place insulation to fill the 
open cavity in existing masonry walls. As well, there is an emerging interest in 
low energy wood frame construction for moderate climates such as those of 
North-western Europe. Such construction would incorporate brick veneer 
cladding with reduced space behind the cladding. Knowing the degree of water 
infiltration of brick masonry walls might help provide a useful estimate of 
moisture loads behind the cladding and hence improve HAM-simulations of 
“Whether the baked brick itself is very 
good or faulty for building, no one can 
judge off-hand” 
Vitruvius 
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these new concepts in wall assembly. Extensive research has been carried out 
over the years to assess the performance of masonry walls systems with regards 
to watertightness. In this chapter, an overview of research on water infiltration 
through brick masonry walls is provided. Assessment protocols and test methods 
are discussed and where possible test data amongst the different methods 
compared. Furthermore, the  watertightness of brick cavity walls with retrofit 
cavity wall insulation is evaluated with a static, cyclic and Pareto watertightness 
test protocol. 
10.1 Introduction  
Since the beginning of the 20
th
 century, masonry walls were increasingly 
constructed as a two layer system. The cavity that separates the inner and outer 
masonry leaf provides significantly better watertightness and thermal 
performance as compared to single leaf systems. Over the last few decades the 
installation of insulation in the brick cavity wall has become standard practice, 
but a significant share of the building stock is comprised of brick cavity walls 
without insulation. It is estimated that there are over 1 million dwellings in 
Belgium that have uninsulated brick cavity walls [323]. Consequently, there is a 
significant potential for the reduction in energy use that can be achieved with 
blown-in or dispensed thermal insulation to these cavities. In retrofit cavity wall 
insulation, the cavities between brick leafs are completely filled with insulation, 
which in effect eliminates the drainage capacity, and likewise alters the effect of 
pressure equalization. Furthermore, retrofit insulation might also have a 
significant effect on the overall hygrothermal behavior of the wall assembly. 
Typical insulation materials used in retrofit cavity walls include loose fill 
mineral wool, expanded polystyrene beads (EPS), spray-in-place polyurethane 
foam (SPF) and ureaformaldehyde foam (UF). Compared to e.g. Great-Britain 
and the Netherlands, retrofit cavity wall insulation is not widely applied in 
Belgium, mainly due to instances in the past where some damage occurred and 
as well, a lack of a quality control framework for undertaking a retrofit [229]. 
Figure 10.1 shows the installation of retrofit insulation in test walls.  
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Figure 10.1. Installation of retrofit insulation: EPS beads (a) and SPF (b) 
10.2 Literature review 
10.2.1 Water ingress 
The results from tests on brick cavity walls with blown-in insulation undertaken 
in 1982 indicated that local deficiencies such as extrusions of mortar in the 
cavity, and to a lesser extent wall ties, cause water to penetrate the layer of 
insulation, thereby giving rise to dampness on the interior wall [324, 325]. 
An overview of the infiltration rates in relation to applied water spray rates onto 
single-leaf masonry brick walls as obtained from literature is provided in table 
10.1. Based on these results, a number of conclusions can be drawn. First of all, 
the rate of water infiltration through mortared brick masonry walls at 500Pa 
pressure difference covers a wide range of water entry, from 0% up to about 
20% of the applied water spray rate. From this information, 2 median values for 
infiltration rate were well below 1%, whereas 3 of the reported values were well 
above 1%. At lower pressure differences, the median infiltration rate was 1.3% 
(0Pa) and 0.223% (25Pa) of the applied water spray rate. Secondly, high 
infiltration rates were found for mortared concrete brick walls, with a median 
value of 31.7% [326]. Finally, very high infiltration rates (up to 64.34%) were 
reported for glued masonry brick veneer walls, with a median value of 47.04% 
[327].  
Ghosh and Melander [328] tested 8 walls at 0 and 500Pa pressure difference, 
with continuous and intermittent water spraying. It was demonstrated that 
intermittent spraying, as compared to continuous spray, results in infiltration 
rates about 3 times lower for the test without pressure difference, and 6 times 
lower for the tests with pressure difference. Consequently, this underlines the 
sensitivity of the results to the test method, particularly regarding the spraying 
(a) (b) 
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protocol. Rathbone [329] reported water infiltration rates for 31 wall panels, and 
concluded that water infiltration was not very sensitive to changes in water spray 
rate above a threshold of about 60L/h-m². Lacasse et al. [202] conducted static 
and cyclic watertightness tests on four masonry wall assemblies: cyclic test 
results showed less water entry at given mean pressures as compared to those 
obtained for testing under static loads.  
Hens et al. [327] compared water leakage though mortared brick veneer walls 
and glued brick veneer walls. Glued brick veneer walls typically have open head 
joints, which may facilitate higher water infiltration into the cavity. The tests on 
the glued veneer walls with open head joint showed much greater quantities of 
water infiltration as compared to that obtained for mortared brick walls. Field 
tests were also conducted, and conversely, these showed higher infiltration rates 
for the mortared brick veneer walls. However, the field test allowed pressure 
equalization in the cavity due to an airtight inner wall, thereby potentially 
lowering the driving forces acting on any runoff water. The glued veneer with 
open head joint allowed rapid local pressure equalization, whereas the mortared 
joints only allowed an average relief to local pressure differences due to pressure 
gradients acting on the outer leaf.  
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Table 10.1: Infiltration rates for single-leaf brick walls expressed as percentage of applied spray rate. 
Reference 
Pressure 
difference 
Spray 
rate 
Number 
of walls 
Type of 
walls 
min. and max. 
infiltration 
median 
infiltration 
 [Pa] [L/m²-h] [-] [-] [%] [%] 
ASTM C1715- 2010 0 138 X X* X 1.2 
ASTM C1715- 2010 500 138 X X* X 3.3 
Chiovitti - 1999 500 138 6 MMBW 3.4 – 8.0 X 
Brown - 1982 479 140 6 MMBW 0.04 – 0.18 0.06 
Brown - 1982 479 140 6 MCBW 20.4 – 52.3 31.7 
Ghosh et al. - 1991 500 138 8 MMBW < 0.005 < 0.005 
Rathbone - 1982 500 150 22 MMBW 0 – 19.6 1.16 
Hens et al. - 2004 25 40 9 MMBW 0.0065 – 6.0 0.223 
Lacasse et al. - 2003 0 - 400 51 - 204 4 MMBW 0.47 – 1.23 0.83 
Hens et al. – 2004 8.5 3.8-6.4 8 GMBW 0.0007 – 64 47.04 
X: not specified; X*: not specified, but MMBW can reasonably be assumed; MMBW: mortared masonry brick wall; MCBW: mortared 
concrete brick wall; GMBW: glued masonry brick wall 
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10.2.2 Principles 
In a single-leaf brick wall, water can infiltrate into the cavity by means of three 
different paths: through the brick, through the mortar joint, or along cracks at the 
brick-mortar interface. The National Bureau of Standards hasreported on the 
cause and cure of leaky masonry walls [330]; two interesting conclusions were 
that the watertightness was enhanced by wetting highly absorptive bricks before 
they were laid, but the quality of the joints was the predominant parameter 
affecting watertightness of the assembly. Bricks with high water absorption rates 
tend to speed up the stiffening of the mortar at the interface, causing local 
shrinkage cracks and thereby lowering the quality of the bond [331]. The mortar 
used for the joint requires that the water content be sufficiently high to permit 
transfer to the brick: if too low, the adhesion with the brick might be influenced 
which may in turn significantly reduce the watertightness; whereas if too high, 
shrinkage might introduce cracks in the interface [332]. Research by Ritchie 
[333] has pointed out that the moisture penetration through the brick wall varied 
greatly depending on the mortar and brick combination, and that it was primarily 
associated with the mortar-brick interface. Outdoor exposure of brick masonry 
panels for two or more winters did not have an appreciable effect on moisture 
penetration. An overview of the causes for failure in brick masonry wall 
construction was offered by Grimm [334], in which it was determined that, in 
general, 50% of failures were due to design errors or errors of omission, 25% to 
construction errors or omission, 15% due to inadequate materials and 10% 
caused by a combination of the above factors. However, these figures relate to 
that which was observed in the field and cannot be related to causes of failure 
based on watertightness tests on masonry; these, Rathbone indicated [329], 
depended primarily on material properties and workmanship.  
To date, little research has been published on the risk for water ingress in brick 
cavity walls with retrofit insulation in the cavity. Contrary to the materials tested 
in the previous chapters (window, sealant tapes, window-wall interfaces, 
flashing membranes), the brick wall can store a significant amount of water. 
When the insulation is installed in the cavity, the overall system can store water, 
but it is unclear to what extent the insulation itself might be watertight (e.g. in 
the case of SPF). Consequently, in absence of a perfect barrier, and in absence of 
drainage, this wall configuration will primarily function as a mass buffering 
assembly in terms of rain penetration control strategy. 
10.3 Experimental setup 
The risk for water ingress in retrofitted brick cavity walls was investigated in 
laboratory conditions. Retrofit insulation was installed in existing brick masonry 
walls which may not have been in perfect condition. Consequently, it was of 
interest to evaluate a worst-case scenario, i.e. a configuration having poor quality 
masonry on the exterior side of the wall assembly, and as well, having a smaller 
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width of cavity (i.e. 25-30 mm) as compared to what might normally be 
expected in practice (30-70mm). Based on separate tests on a range of walls, it 
was concluded that the highest water infiltration rates through the outer masonry 
leaf occurred in instances where the bricklaying was completed too slowly, 
thereby resulting in poor bonding quality in the mortar-brick interface. 
Furthermore, a number of cracks were introduced by inserting pieces of 
cardboard during construction, thus mimicking typical deficiencies found in 
practice. Given that protruding mortar obstructions increase the risk for water 
ingress, as well as the presence of wall ties, these were also simulated in the test 
setups. Figure 10.2 shows an overview of the deficiencies implemented in the 
different samples: mortar obstructions, horizontal and vertical cracks, horizontal 
wall ties, and tilted wall ties with a slope towards the interior. 
 
Figure 10.2. Overview of deficiencies in the wall samples. 
 
In collaboration with a number of experienced contractors, it was decided that a 
cavity width of 30mm was an absolute minimum for installing insulation; 
otherwise the continuity of the insulation material in the cavity cannot be 
guaranteed. In total, 4 brick walls were constructed: two were filled with EPS 
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beads, two with SPF. The net area of the test walls was 0.71m² (lxh 0.864m x 
0.818m). The outer leaf was constructed with 90mm full bricks and cement 
mortar. To evaluate the risk for water ingress, the interior brick leaf was replaced 
by a PMMA sheet, which allowed visual inspection of the sample. The sheet of 
PMMAwas perforated at 10 locations (air leakage 2.05m³/h.m² at 50Pa pressure 
difference) to reflect typical air loss of the interior wall. Consider that the 
presence of water at the cavity side of the interior brick leaf does not necessarily 
lead to failure of the assembly. Brick walls can store a significant amount of 
water, and the water may dry out before resulting in damp spots on the interior 
side. However, there is a significant increase in the likelihood of damage being 
initiated when water is present. Consequently, in this test series, infiltration of 
water past the insulation was considered as failure. Tracing water ingress was 
facilitated by installing a foil that discolored when liquid water was present 
between the insulation and the PMMA sheet. Table 10.2 provides an overview of 
the test samples, and the test protocols that were applied to the different samples. 
The installation of SPF and EPS in the test samples is shown in figure 10.1. 
Table 10.2. Brick wall test samples and test program. 
Sample 1 2 3 4 
Insulation type SPF SPF EPS EPS 
Average cavity width 30mm 28mm 33m 37mm 
NEN 2778 x x x x 
Pareto x x x x 
EN 1027    x 
EN 12865    x 
10.4 Test standards  
There is only one standard that describes an experimental test method to assess 
the risk for water penetration through masonry walls with retrofit cavity infills: 
NEN 2778 [335]. In this test procedure, the wall is wetted for 15 minutes with a 
spray rate of 2.0L/min.m², followed by successive pressure increases of 50Pa 
every 5 minutes (at the same water spray rate). Subsequently, the pressure 
difference is eliminated, and a cycle of 9 dry minutes and 1 minute with a spray 
rate of 0.2L/min.m² is repeated for 96 hours. For the tests completed for this 
study and reported here, the first part of the test sequence was executed, followed 
by 20 cycles of 10 minutes. In the NEN 2778 standard a performance level can 
be defined in respect to the location, the height and the degree of shielding. 
Based on these guidelines a peak pressure level of 300Pa was selected, and in 
accordance with the type of building for which the Pareto procedure was derived. 
A different test standard applies to single-leaf masonry walls: ASTM E 514-09. 
The applied water spray rate is 138L/h-m², and if no pressure difference is 
specified the specimen should be tested at 500Pa pressure difference (water 
supply and pressure difference are to be maintained for at least 4 hours). The 
validity of the boundary conditions for the E514-09 test method was discussed 
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by Monk [336]. Based on U.S. Weather Service rainfall intensity maps for 25, 50 
and 100 recurrence years, it was concluded that the rainfall intensity could be 
well above the test value of 138L/h-m² for 15-minute rain events (for 5-minute 
rain events values up to 250L/h-m² were recorded), whereas it is typically lower 
for longer averaging periods: below 100L/h-m² for 30-minute values and below 
76 L/h-m² for hourly values. Consequently for all the locations in the U.S., the 
applied spray rate specified in this standard is unrealistically high as compared to 
what might be expected in reality. Furthermore, Monk [336] reports that the 
pressure difference used in the test corresponds to wind speeds that do occur 
according to U.S. Weather Service wind speed maps for 25, 50 and 100 
recurrence years, but only for short durations, and “whether winds of this 
intensity occur simultaneously with the suggested rainfall intensity is difficult to 
say”. A few other test methods specifically for masonry walls are described by 
Chew [163], but are not widely used and typically are only qualitative in nature. 
Furthermore, the test for windows could be applied (EN 1027), as well as the 
cyclic test (EN 12865) and the Pareto test procedure. Before every test sequence, 
the wall was subjected to a spraying sequence to make sure that the brick are 
saturated. However, it might be possible that the sequence of testing on sample 
might have affected the results: to what extent water from the previous test 
sequence that had infiltrated into the insulated was evaporated or drained was not 
evaluated. 
10.5 Results 
First of all, the test protocol corresponding to NEN 2778 was applied. Samples 1 
and 2 with SPF did not leak. Two small leaks were evident in sample 3 after 10 
minutes of water spraying without pressure difference. The location of the leaks 
could not be linked to deficiencies in the cavity. At 50Pa pressure difference, two 
additional leaks were subsequently observed at the location of a mortar 
obstruction. Sample 4 started leaking without pressure difference (at a horizontal 
wall tie), and at 100Pa a number of leaks were initiated at vertical cracks, and at 
250Pa a smaller wet spot was also evident at the location of a crack. Over the 20 
cycles of partial wetting, none of the samples tested had additional wet spots 
occur nor were existing leaks aggragated.  
The Pareto test procedure led to the same conclusions for samples 1 and 2: no 
infiltration. Sample 3 only showed a small leak in the final cyclic test sequence 
of the Pareto test protocol, at a location corresponding with a mortar obstruction 
(a different one than the one observed in the previous test). Sample 4 did not 
show any leakage during the test procedure. 
On sample 4, two additional tests were done. During the EN 1027 test protocol a 
first leak was observed after 12 minutes without pressure difference, a second 
one was evident at 150Pa. At 600Pa, leakage started at a third location, 
corresponding to a mortar obstruction. When the EN 12865 test protocol was 
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applied, a first leak started without pressure difference. During the sequence of 
150Pa gusts, a second leak became visible. 
Figure 10.3 (a) shows an interior view of the masonry wall during testing, with 
the mortar obstructions and wall ties. The orange pieces of tape were used to 
close the orifice openings in the PMMA sheet to vary the airtightness (effect not 
reported here). Figure 10.3 (b) shows sample 4 during the NEN 2778 test 
sequence. Consider that the large round spots were caused by the adhesive of the 
infill during installation, and the wet horizontal strip at the bottom was caused by 
leakage at the perimeter at the bottom joint and did not reflect the overall 
behavior. 
Furthermore, it was recorded that during installation of the insulation a 
significant amount of debris from the drilling process ended up in the cavity. 
Pieces of masonry brick and mortar of considerable size can bridge the cavity, 
increasing the risk for water ingress.  
        
Figure 10.3. (a) interior view of the brick wall before installation of the insulation. (b) 
view on the detection paper during the NEN 2778 test sequence. 
10.6 Conclusions 
No leakage during testing was evident for samples 1 and 2, the walls retrofitted 
with SPF. Sample 3 started leaking without pressure difference at a water spray 
rate of 2 L/min.m², whereas during the Pareto test sequence only a small leak 
was evident during the third cyclic sequence. Note that the Pareto test protocol 
also started with 10 minutes at 53 Pa and a water spray rate of 1.1 L/min.m². 
Apparently, the pressure difference does not compensate for the reduced water 
rain penetration 
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spray rate, as no infiltration started in this sequence. Sample 4 also showed 
infiltration without pressure difference at a water spray rate of 2 L/min.m², 
subsequently leaks appeared at 100 and 250 Pa. The test according to EN 1027 
resulted in similar phenomena. During the cyclic test protocol of EN 12865 with 
a spray rate of 3L/min.m², water started infiltrating at 0 and 150 Pa. Sample 4 did 
not fail during the Pareto test. In general, the samples with EPS beads show 
infiltration at low pressure levels (or without pressure), whereas the Pareto test 
procedure leads to much less points of water entry, and the entry rates are also 
much smaller. When infiltration was evident, in most cases the location could be 
traced back to the presence of vertical cracks and mortar obstructions. 
When the Pareto test procedure is applied instead of standard test protocols to 
evaluate the watertightness performance of retrofitted brick cavity walls, fewer 
failures are recorded and less water ingress was evident. For the specific 
configuration tested here, the standard test protocols probably underestimate the 
actual performance of the walls when subjected to realistic boundary conditions. 
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11 
Conclusions and perspectives 
11. CONCLUSIONS AND PERSPECTIVES 
11.1 Conclusions 
Moisture is the main cause of many building deterioration problems, and rain is the 
prevalent source of moisture to building envelopes. Different strategies can be 
adopted to reduce the risk for water ingress in building envelope systems, such as a 
perfect barrier, pressure moderation and drainage, and mass buffering. The 
performance of a specific component and inherent strategy to mitigate the risk of 
moisture problems resulting from water ingress is determined by the ability of the 
component to cope with specific combinations of Wind driven rain intensity and 
wind pressure generated by the local climate conditions to which the component  is 
subjected throughout its service life.  
 
Existing methodologies to establish boundary conditions for watertightness 
testing only partially consider co-occurrence of rain and wind, which yields large 
uncertainties when determining return periods for extreme wind-driven rain 
events. The results described in this thesis have demonstrated that several aspects 
of the existing methodologies for estimating boundary conditions for 
watertightness testing were improved. The operative standard in the field of 
structural engineering in respect to wind loads acting on buildings was extended 
with a gust model to calculate wind loads for varying configurations. In addition, 
a new approach to accommodate conflicting models in respect to rain-duration-
frequency analysis is presented, and an adapted semi-empirical model was given 
to permit calculating extreme wind driven rain intensities on building façades. 
Furthermore, it was shown that extreme value analysis is very sensitive to the 
“Real knowledge is to know the extent 
of one’s ignorance” 
Confucius 
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presence of synoptic weather systems and convective storms. Consequently, a 
new approach was developed based on a Pareto fronts method for which extreme 
Wind driven rain intensities and wind pressures are derived. Using the Pareto 
method, a generalised Pareto distribution was developed from which the 
corresponding probabilities of occurrence of wind-driven rain events were 
provided. On the basis of this method, a Pareto test protocol was formulated that 
is comprised of static and cyclic pressure conditions for various realistic 
combinations of wind driven rain and driving rain wind pressure. It was 
subsequently shown that the conversion of case-based test conditions to generic 
test protocols, such as that based on the Pareto method, and consideration of 
appropriate performance levels requires careful review. Consequently, the 
further development of practical guidelines on defining realistic watertightness 
performance levels for building envelope components for a broad range and 
different types of building components remains a work in progress that will 
continue to evolve as additional information is acquired. Given the fact that the 
Pareto test protocol covers a wider range of damage initiation phenomena 
compared to existing test methods, it perhaps allows a more reliable assessment 
of the watertightness of a building component. 
 
The majority of the building components can be classified as rain screen systems, 
that allow pressure moderation and drainage. To evaluate pressure equalization 
during rain events, a generic experimental setup was built and results were 
compared with those derived from simulations. A semi-implicit numerical model 
based on mass balance and the ideal gas law was developed and validated against 
the results for dry conditions. Monte-Carlo sensitivity analysis on simulated 
pressure equalization of this setup was useful in highlighting the importance of 
obtaining accurate leakage characterization of the setup for its validation. As 
well, it was shown that simulations undertaken under dry conditions may 
significantly overestimate the degree of pressure equalization during rain events. 
Furthermore, the impact and importance of pressure equalization for façade 
design was evaluated based on 6 case-studies. These indicate that, based on 
simulations, the current construction practice and guidelines are inadequate to 
obtain good pressure equalization. Nevertheless, a number of building 
components have proven their performance in practice, despite, from a 
theoretical point of view, inadequate performance in respect to pressure 
equalization. Consequently, the question arises to whether the extent of pressure 
equalization of a component is, in fact, a relevant factor to obtaining good 
watertightness performance. This question was addressed by means of two 
separate approaches: first of all, the phenomenology of water ingress through 
deficiencies was investigated for static and dynamic boundary conditions. 
Thereafter, the actual watertightness performance of several types of building 
components was analyzed in detail.  
 
An experimental setup was designed to test the effect of water deposition rate 
and pressure difference on the ingress of water through deficiencies. The 
phenomenology of the processes that govern the infiltration of water, and the 
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balance of forces that act on water present at the deficiency were investigated. 
The surface tension of the meniscus of water on the interior side of a deficiency 
defined a pressure difference threshold for which infiltration will occur if the 
threshold is exceeded. The water runoff film that flows across the opening of the 
deficiency causes a Venturi effect, that in turn, increases the pressure threshold 
at the meniscus. Conversely, once infiltration has occurred, the presence of a 
runoff film increases the water infiltration rates. Under static boundary 
conditions the infiltration rates for each spray rate can be described by a power 
law function. Whereas, under dynamic boundary conditions the infiltration rates 
were much higher, and no pressure threshold was evident. The phenomenology 
of these effects is discussed and visualized schematically. Subsequently, theory is 
put into practice for a number of case-studies that included components such as: 
window frames, window-wall interfaces, sealant tapes, flashing membranes and 
retrofitted brick cavity walls. At the same time, the impact of different test 
protocols on watertightness performance assessment was evaluated.   
 
High performance window frames are designed as rain screen system to achieve 
a good watertightness. Test results indicate that significant infiltration rates can 
occur despite perfect pressure equalization of the window system. Furthermore, 
the presence of water may reduce the friction of the gasket, which causes higher 
air flow rates compared to dry conditions. In dynamic conditions the overall 
performance is dominated by the hysteresis in the stress-strain relationship of the 
gasket in relation to the imposed pressures and corresponding deformation of the 
sash. Under dynamic pressure fluctuations the windows may fail at lower or 
higher pressures as compared to failure under static conditions, depending on the 
dominant failure mechanism of the window. The impact of the gasket type and 
fine-tuning of hardware was also evaluated.  
 
To date little information is available on the typical airtightness and 
watertightness of window frames, and the aptitude of current regulatory 
performance levels for windows in respect to very airtight buildings is highly 
uncertain. Between 1997 and 2012, 437 windows were tested in laboratory 
conditions for certification; the most important results in respect to airtightness 
and watertightness are reported. For both parameters, vinyl frames yield slightly 
lower performance than aluminum or wooden windows. Single windows 
perform best, followed by double, composed and sliding windows. There is a 
clear trend that watertight windows are also airtight. Most turn-and-tilt windows 
show good watertightness and can be applied in very exposed conditions, 
whereas sliding windows have a limited scope. Window airtightness 
performance levels were calculated based on various building geometries and 
airtightness targets. Reducing the impact of windows on the overall building 
airtightness to 5% is realistic and feasible, even for very airtight buildings. A 
comparison of guidelines and standards on watertightness of windows shows 
large discrepancies and little uniformity.  
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Three case-studies related to the watertightness of window-wall interfaces were 
evaluated: sealant tapes, a traditional window-wall interface configuration in a 
cavity brick wall, and flashing membranes. All sealant tapes are watertight up to 
600Pa when the compression is 70%. For a compression between 50% and 20%, 
failure can start at 400Pa, but some products are still watertight up to 700Pa. 
Flashing membranes are often used in situations where the interface is subjected to 
severe weathering conditions, because it is assumed to be a perfect barrier system. 
Laboratory tests showed that 10 out of 12 samples failed at 50Pa, 2 at 100Pa 
pressure difference. The application of sealant on one sample resulted in a slightly 
better performance: water ingress was recorded at 200Pa. Flashing membranes 
should not be used as perfect barrier systems. The traditional window installation 
in a brick cavity wall showed good performance. No infiltration was recorded up to 
750Pa static pressure difference, and no water ingress was recorded during the 
Pareto test sequence. Consider that the interface should have an air flow rate below 
3.3m³/h.m at 50Pa, otherwise water droplets are carried along with the air currents. 
Furthermore, the sill installation and the integrity (or presence) of a sealant tape did 
not have an effect on the watertightness. Contrarily, the presence of SPF in the 
cavity causes water ingress under conditions without pressure difference, as the 
SPF provides a pathway from the drainage plane of the wall to the interior side of 
the wall.  
A literature review on the airtightness of window-wall interfaces has shown that 
no experimental data are available for masonry construction. Consequently, the 
airtightness of window-wall interfaces was investigated for 13 different 
installation methods. The results show that the selected solutions cover a wide 
range of airtightness levels, from 0m³/h.m up to 31m³/h.m at 50 Pa. The 
experiments have permitted determining  that a very good performance can be 
obtained by using polyurethane foam and caulking, airtight membranes, 
polyurethane foam and plywood framing, and plaster and caulking. On the 
contrary, mineral fibre insulation, a partial fill with polyurethane foam and 
plaster without caulking should be avoided when good airtightness is required. 
Furthermore, a comprehensive methodology for error calculation is derived, 
based on error propagation of partially correlated parameters, including the effect 
of measurement errors, extraneous air leakage and conversion to standard 
boundary conditions. 
Masonry walls are commonly used in a range of different climates; two key 
features of masonry walls contribute in providing acceptable performance by 
mitigating the effects of wind-driven rain: the evident capacity of the exterior 
masonry to absorb and store rainfall; and an open cavity behind the exterior 
masonry cladding to drain infiltrated water. Recent European trends in respect to 
energy conservation have building practitioners considering applying spray-in-
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place insulation to fill the open cavity in walls. However, this energy 
conservation measure might increase the risk for water ingress. To assess 
whether such retrofit measures were in fact an issue, four masonry walls were 
constructed and retrofitted with either SPF or expanded polystyrene beads, and 
the  watertightness was evaluated with a static, cyclic and Pareto test protocol. 
The sample walls retrofitted with SPF did not show any leakage during testing. 
The samples retrofitted with EPS beads showed infiltration at low pressure levels 
(or without pressure) when assessed using the standard test protocols, whereas 
the use of the Pareto test procedure led to many fewer points of water entry, and 
the entry rates were also much smaller. When infiltration was evident, in most 
cases the location could be traced to the presence of vertical cracks or mortar 
obstructions.  
Several types of test sequences have been applied to a range of products. Testing 
undertaken using the Pareto test procedure led to failure at lower pressure 
differences compared to static testing for sealant tapes, and based on a pass/fail 
criterion, fewer products would pass. These perfect barrier systems require a 
combination of static and cyclic test conditions for realistic performance 
assessment. Windows also perform significantly different under static and cyclic 
pressure fluctuations. The window wall interfaces failed at lower pressures under 
cyclic and Pareto test conditions compared to static test conditions. Whereas, tests 
on retrofitted brick cavity walls showed that standard test protocols cause failure, 
the Pareto test protocol did not. Such results suggest that the existing standard test 
protocols are too severe and unrealistic. Given that in reality, building components 
are subjected to both static and dynamic pressure differences, and as well, seeing 
as several building components with different watertightness concepts show 
completely different behaviour under cyclic pressure sequences as compared to 
static conditions, it is concluded that the Pareto test protocol covers a wider range 
of damage initiation phenomena in the building component, and consequently, it is 
more appropriate to evaluate the watertightness of building components.  
 
In general, the watertightness of building components cannot be modelled by a 
simple model. The boundary conditions are difficult to capture and reproduce, and 
the way rain is absorbed, runs down or infiltrates into a wall system is highly 
complex and sensitive to a range of parameters (e.g. geometry of openings, surface 
roughness, material properties). Even though it was demonstrated that good 
pressure equalization reduces the ingress of water into a drained system, building 
practice indicates it is not a necessity. On the other hand, all tests indicate that good 
airtightness is a prerequisite for good watertightness. 
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11.2 Guidelines 
Based on the research conducted in this thesis, a number of guidelines were 
derived for the building industry. 
 
Window frames 
- Provide a continuous central gasket in wooden window frames, which is 
cut at the corners (or welded with great care). The relaxation in the stress-
strain relation will determine the performance under gusty conditions. 
Elastic, supple materials are preferred. 
- The sash should be positioned adequately in the frame to ensure a 
uniform overlap of the gasket on the frame (tolerance 1 mm), the sash 
should be square (tolerance 1 mm), and the gasket along the perimeter 
should be subjected to equal compression (tolerance 0.5 mm). 
- Restrict the absolute deflection of the sash at 1000Pa pressure 
difference to 4mm and 2mm to achieve watertightness levels above 300 
and 600Pa respectively. 
- A reduction of the buffering capacity of a window frame by moving the 
central gasket towards the exterior (e.g. to improve thermal performance) 
should be accompanied by an increase in drainage capacity. 
- Ensure that vents do not become occluded by run-off water. 
- Rather provide more drainage holes than vent holes. 
- Most water enters into the window cavity at the sill; this can easily be 
shielded by means of a drip profile. 
- Airtightness is a prerequisite for watertightness. A watertightness level of 
300Pa requires an air flow rate below 3m³/h.m at 50Pa, 600Pa requires 
an air flow rate below 2m³/h.m, and performance levels above 900Pa 
require an air flow rate of maximum 1m³/h.m. 
- Current airtightness classes according to EN 12207 are insufficient for 
airtight buildings such as passive house buildings. A new class should 
be introduced, allowing a maximum air flow rate of 0.56 m³/h.m² at 
50Pa. Not that 44.6% out of 437 windows tested meet this limit. 
- There are major discrepancies in watertightness performance 
requirements between different countries. A methodology was 
presented in this thesis to level out these differences. 
- The windows tested in lab conditions perform well. A lot of standard 
windows can be installed in coastal regions at a height of 200m. Sliding 
windows are more prone to water ingress, specifically when these are 
installed above ground level. 
 
Window-wall interfaces 
- Ensure that the air loss of the interface is below 3.3m³/h.m to obtain good 
watertightness performance. 
- In typical construction practice, the effect of the sealant tape between the 
window frame and exterior leaf is negligible. Similarly, the effect of end 
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dams at the sill and a foil underneath the sill did not affect the 
watertightness. 
- The mounting bracket to fix the window frame to the interior wall 
provides a pathway for water to infiltrate to the interior finish. This can be 
omitted by means of a local chamfer or protuberance. 
- When SPF is installed between the window and the wall insulation, it is 
utterly important to ensure that the SPF does not make contact with the 
exterior leaf. Otherwise, water can infiltrate onto the interior finish even 
without exterior pressure difference. 
- When installed correctly, the traditional window installation in masonry 
brick walls shows excellent performance, and can be applied in high 
buildings (200 m) in coastal conditions). 
- Flashing membranes do not provide a perfect barrier system: both the 
installation with prefabricated corners as well as the installation with 
folded corners are prone to water infiltration at low pressure differences. 
Similar to traditional construction, the flashing membrane should be 
shielded by an exterior cladding to divert most of the WDR. 
- The air leakage of the window wall interface should be below 3.3m³/h.m 
at 50Pa for all window installations, and for airtight buildings a limit of 
0.33m³/h.m should be maintained. 
- Mineral wool cannot ensure the airtightness of a window-wall interface. 
Reasonable performance (i.e. < 3.3m³/h.m at 50Pa) can be achieved by 
means of plastering the window reveal, or applying SPF in between the 
window casing and the wall. Excellent performance (i.e. < 3.3m³/h.m at 
50Pa) can be obtained by installing an airtight foil (consider the corners 
and overlap), a plastered reveal with plaster stop profile and sealant, or 
SPF in between a tight wooden frame around the window and the interior 
wall. 
 
 
Retrofitted cavity walls 
- The presence of vertical cracks in the exterior leaf and mortar beads in the 
cavity increases the risk for water penetration. 
- The drilling process for the infill locations may yield a significant amount 
of debris in the cavity, perhaps bridging the cavity and increasing the risk 
for water ingress. Rotation only drilling is preferred over hammer drill 
mode.  
- For cavities of about 30mm, walls retrofitted with SPF prove to be 
watertight (level 6 table 3.4; 30m buildings in coastal conditions). 
Cavities of about 35mm filled with EPS showed a reduced risk for water 
ingress when subjected to identical test conditions, but when subjected to 
high WDR loads, there is a high risk for water ingress. 
 
268  CHAPTER 11  
11.3 Perspectives 
Notwithstanding the apparent practical advantages for determining WDR 
loads and DRWP offered with the Pareto method, there are limitations to its use 
and further improvements need to be developed. This method was established on 
the basis of only two climate databases, and should be validated for a broader 
range of climates and return periods. As well, the methodology presented here 
only offers information for the specific averaging period of a given climate 
database (i.e. 10-minute values in this case). The conversion to shorter time 
periods for both wind and rain again introduces assumptions on the co-
occurrence of extremes. 
 
An attempt was made to describe the phenomenology of water ingress 
through deficiencies, but this was primarily based on visual observations and 
deduction from measurements of the water infiltration rates under various 
pressure conditions. The effect of the exterior runoff film on water ingress was 
quantified by means of different approaches for the Venturi effect, but the results 
vary significantly. Clearly the runoff film is a key element in the physical effects 
occurring at the deficiency, and more research is necessary to describe these run-
off effects in detail. Furthermore, only uniform film flow was considered here, 
and the experimental setup was adjusted accordingly. Consider that for most 
substrates very high Wind driven rain intensities are required to obtain such type 
of film flow, in most situations the water will run down in rivulets. To what 
extent the formation of rivulets affects the water ingress into building 
components is currently unclear. 
 
Furthermore, failure in respect to watertightness was defined as the mere 
presence of water at locations which are not drained to the exterior. In practice, 
water ingress will only cause damage when the storage and drying capacity of 
the construction are superseded. Recent advances in the field of HAM 
simulations have resulted in more stable and reliable numerical models which 
allow predicting the hygrothermal behavior of 1D or 2D components. Given that 
water ingress is the primary cause of building envelope failure, it should perhaps 
be useful to take water ingress into account as well, or at least evaluate the 
moisture tolerance of specific wall designs. 
 
The outline of this thesis started with boundary conditions for watertightness 
testing, followed by theory and principles on water ingress, and finally a number 
of lab experiments wrap it up. Perhaps this thesis should have addressed building 
pathologies found in practice to direct the research efforts. Several chapters refer 
to publications on failure rates of specific components, but these types of 
publications are scarce. Regardless of the fact that virtually all publications on 
building pathology indicate that a lack of watertightness is one of the dominant 
causes of building failure, well-documented cases of building failure are scarce 
in scientific literature. In order to guide and direct future research efforts, failure 
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cases should be carefully described by the building industry and research 
community.   
 
Finally, only a few case-studies were evaluated, and only the performance in 
respect to watertightness and airtightness was considered. In order to successfully 
introduce new solutions to the market, other aspects have to be addressed as well, 
such as thermal and acoustical performance, condensation risk, ease of installation, 
cost and durability. The degree of innovation in the building industry has increased 
significantly over the last few decades, not in the least due to the adoption of more 
stringent energy codes. Now that the building industry is moving towards nearly 
zero-energy building concepts, the importance of embedded energy of individual 
components will accordingly increase. This in turn may affect the design of 
components. Less material, or new materials, might change the way we build 
again.  
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